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We summarize major findings and best-practice recommendations from three Volcano Observatory Best Practices
(VOBP) workshops, which were held in 2011, 2013 and 2016. The workshops brought together representatives from the
majority of the world’s volcano observatories for the purpose of sharing information on the operation and practice of
these institutions and making best practice recommendations. The first workshop focused on eruption forecasting, the
second on hazard communication, and the third on long-term hazard assessment. Subsequent VOBP workshops will
address additional issues of broad interest to the international volcano observatory community. The objective of VOBP
is to develop synergy among volcano hazards programs and their observatories internationally, so as to more rapidly
and broadly advance the field of applied volcanology. Each of the workshop summaries presented here include best
practice recommendations for consideration by the world’s volcano observatories.
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Purpose
Risks posed by volcanic eruptions continue to grow as
populations near active volcanoes and air traffic over them
continue to increase; however, in recent decades, en-
hanced technical capability of volcano observatories and
their associated scientists to detect and analyze unrest and
provide actionable information and eruption forecasts
have reduced risk and minimized loss of life and property
(Loughlin et al. 2015; Auker et al. 2013). This capability
carries with it the responsibility to construct the best pos-
sible practices of monitoring, data interpretation, and haz-
ard communication to support risk-mitigation decisions,
such as whether and when to evacuate populations and/or
restrict travel and commerce in order to save lives and
property (Bazelon 1979; Miller and Jolly 2014; Papale
2017, Bretton et al. 2018a, b).* Correspondence: jpallist@usgs.gov
1USGS Cascades Volcano Observatory, 1300 SE Cardinal Court, Vancouver,
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the Creative Commons license, and indicate ifThe basis for interpretation of monitoring data with re-
spect to near-term hazards remains largely empirical, al-
though forecasts are becoming more quantitative based on
an improved understanding of the physics of causative pro-
cesses (Sparks 2003) and the use of statistical methods
(e.g., Newhall and Hoblitt 2002; Marzocchi and Bebbington
2012). With the exception of professional response teams
(Pallister 2015) and observatory-based responders at espe-
cially active volcanoes, critical experience may come
first-hand only a few times during the career of an individ-
ual observatory-based scientist. However, much of the ad-
vance in near-term eruption forecasting and risk mitigation
depends upon relating monitoring observations to volcanic
outcomes (e.g., McNutt 1996; Chouet 1996; Iguchi et al.
2008; Aiuppa et al. 2010; White and McCausland, 2016,
White and McCausland 2019; Segall 2013; Selva et al.
2012) and in effective communication of hazards during
crises (e.g., Ishimine 2016; Andreastuti et al. 2015; Fearnley
et al., 2018a and references therein). It is therefore import-
ant that lessons learned be shared internationally, so that a
consensus on, and a useful guide for, volcano observatory
best practices can be developed.le is distributed under the terms of the Creative Commons Attribution 4.0
.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
ive appropriate credit to the original author(s) and the source, provide a link to
changes were made.
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Under the aegis of the International Association for
Volcanology and Chemistry of Earth’s Interior (IAVCEI)
and its Commissions on Volcanic Hazards and Risks
and World Organization of Volcano Observatories
(WOVO), the Instituto Nazionale di Geofisica e Vulca-
nologia (INGV) and the United States Geological Survey
(USGS) are convening a series of Volcano Observatory
Best Practices (VOBP) workshops. Additional support
comes from the United States Agency for International
Development (USAID), the Global Volcano Model net-
work (funded through UK Research and Innovation
(UKRI) and the European Union EUROVOLC project.
The Group on Earth Observations (GEO) and United Na-
tions Educational, Scientific and Cultural Organization
(UNESCO) have also endorsed the workshops. The first
Volcano Observatory Best Practices workshop on
Near-Term Eruption Forecasting took place on 11–15
September 2011 (VOBP1) and the second, on Communi-
cating Volcanic Hazards, took place on 2–6 November
2013 (VOBP2). Both of these workshops were held at the
“Ettore Majorana” Foundation and Centre for Scientific
Culture in Erice, Sicily, Italy. A third (VOBP3) workshop
on Long-term Hazard Assessment took place on 15–18
November 2016 in Vancouver, Washington, USA, near
the USGS Cascades Volcano Observatory. A fourth work-
shop, on Observatory Crisis Operations is being planned.
In this document, we summarize key findings and
best-practice recommendations that emerged from the
first three workshops.
Although there are many regularly held meetings that
encompass important themes of volcanology, such as
the General Assembly of IAVCEI, and meetings of the
American Geophysical Union (AGU), the European
Geophysical Union (EGU), and the Asia Oceania Geos-
ciences Society (AOGS); these naturally place an em-
phasis on science, not on observatory practices or
operations. CoV (Cities on Volcanoes) meetings orga-
nized by IAVCEI offer a time for discussing more dir-
ectly issues of relevance in volcanic hazards, risk
evaluations and broader social impacts of volcanism.
Yet, none of those meetings is focused on illuminating
best practices for daily operations of volcano observator-
ies. VOBP meetings fill that gap, as they are specifically
aimed at volcano observatories and their cooperating
partners. According to their aims, the discussion at
VOBP meetings is kept at the practical level, with the
aim of identifying operational needs and sharing best
practices to meet those needs. Every effort has been
made to include as much of the observatory member-
ship of the World Organization of Volcano Observator-
ies (WOVO) as possible. Although not complete, the
workshops probably achieved the most participation by
WOVO members of any meetings to date (Fig. 1;Additional file 1). The objective is to develop synergy
among volcano hazards programs and their observator-
ies internationally, so as to more rapidly and broadly ad-
vance the field of applied volcanology.
The circumstances in which volcano observatories find
themselves, including risk governance structure, societal
expectations, and resources upon which they can draw,
vary greatly. In spite of this diversity, in many cases gen-
eral principles of observatory best practices have been
identified. In other cases, multiple practices to meet a
common goal have been identified.Previous work
Over the past 50 years, there have been several publica-
tions that summarize experience and practices of vol-
cano observatories. The first of these was the
UNESCO-booklet “The Surveillance and Prediction of
Volcanic Activity: A Review of Methods and Tech-
niques,” published in 1972. The volume comprised indi-
vidual review papers on monitoring techniques
including seismology, geodesy, and gas chemistry by the
leaders in the field at that time. In 1985, UNESCO’s
United Nations Disaster Relief Office (UNDRO) pub-
lished a comprehensive volume entitled “Volcano Emer-
gency Management” (UNDRO 1985). An outgrowth of
meetings held by UNESCO in 1978 and 1980, the vol-
ume sets forth to “distil from past experience in various
parts of the world some general principles of
organization and practice which, it is hoped, may prove
of some validity.” Chapters cover: the nature of volcanic
hazards, examples of volcanic disasters, hazard assess-
ment and prediction, emergency planning, perception
and acceptance of risk, communications, and examples
of organizational structures for disaster management. As
such, it is wider in scope than the discussions reported
here. The general principles of practice now remain
much the same as then. What has changed are major ad-
vances in monitoring, computational and communica-
tion technologies, and the accumulation of experience
and scientific knowledge during eruptions of geophysi-
cally and geochemically monitored volcanoes.International disaster risk reduction and development
context
In developing best practices for volcano observatories, we
followed principles of the Hyogo Framework for Action
2005–2015 (UNISDR 2005) and the Sendai Framework
for Disaster Risk Reduction (UNISDR 2015) which em-
phasizes the role of science and technology (Aitsi-Selmi
et al. 2015). Volcano Observatories provide scientific evi-
dence to support decision-making by partners (e.g. civil
protection) who implement disaster risk-reduction mea-
sures (as detailed in Additional file 2).
Fig. 1 Global map showing nations represented at the VOBP workshops. Colors show nations that attended one or more of the workshops.
National areas are not proportional to attendance, as typically only one to four observatory leaders from each nation were able to attend, except
for the host nations for each workshop, which were able to support additional local participants. The map serves as a reminder to planners of
future VOBP workshops to seek as wide a range of participating volcanic nations as possible, and to try to fill in gaps in participation
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volcanic activity, making eruption forecasts, and
communicating information about volcano hazards and,
in some cases, risks, on a variety of geographic and
temporal scales
Volcano observatories have existed since the founding of
the Vesuvius Volcano Observatory in 1841 as a central
collection point for synthesis and interpretation of geo-
physical monitoring data and other observations. As
such, they are institutions created to provide as informed
and clear an insight as possible into the hazards pre-
sented by a volcano or group of volcanoes. Through
modern technology, an observatory no longer needs to
be contained within a building, although many are. It
nevertheless remains a group of people, however widely
distributed, dedicated to their tasks of monitoring, ob-
serving, analyzing and interpreting various real-time and
near-real-time data, warning of unrest, eruption or
changes of activity from one or more volcanoes, and
assessing longer-term hazards.
As data streams grow in number and complexity and
observatory staff and collaborators become more geo-
graphically dispersed, observatory operations have be-
come vastly more complex. For example, the types of
monitoring data available have expanded with advances
in technology (e.g., access and interpretation of satellite
data, increased ability to monitor multiple species of vol-
canic gases, improved seismic, infrasound and GPS net-
works (Sparks et al. 2012)). Such advances requirespecialized expertise which may not be available “in
house” to all observatories. Similarly, advances in hazard
communication methodologies have enabled more ef-
fective warnings and subsequent mitigation actions.
Consequently, collaboration with technical and
social-science communities beyond the defined physical
observatory are needed to more fully monitor, under-
stand and communicate volcanic unrest and eruption
hazards. Finally, experience shows that at-risk communi-
ties, decision-makers, and other stakeholders should par-
ticipate in discussions around hazards long before a crisis
if the information and warnings an observatory provides
are to produce successful outcomes (Aitsi-Selmi et al.
2015). It takes time to build trust and credibility and those
delivering a message must work with Disaster Risk-
Reduction (DRR) partners to develop understanding of
the socio-cultural context within which the message will
be received. Even today, however, there are recurrent ex-
amples of warnings that were unheard or unheeded, em-
phasizing the need for strong partnerships between
scientists and decision-makers and effective two-way com-
munication with those at-risk.
Volcano observatories serve as the point of contact for
scientific information related to volcanic activity to au-
thorities, the media, and the public at large. The obser-
vatory is the place where scientific credibility is
established and trust with stakeholder communities is
nurtured. Generally, but not universally, it is a separate
civil authority (or authorities) that is responsible for the
Pallister et al. Journal of Applied Volcanology             (2019) 8:2 Page 4 of 33decisions and actions to mitigate risk from volcanic ac-
tivity. Such decisions consider mitigating actions in the
context of legal, social, and economic factors, as well as
the government’s capacity to implement them.
As used here, the communication passed from an ob-
servatory to governmental authorities and the public re-
garding the probability of future volcanic events
constitutes a forecast. A principal goal for a volcano ob-
servatory is to accurately communicate results of scien-
tific evaluations and forecasts together with the
associated uncertainties. The most critical kind of fore-
cast, because it may require immediate action, is a
near-term forecast addressing possible events in the
coming hours, days, weeks, or a few months. For a
major eruption, the primary mitigating action for emer-
gency managers is to evacuate and restrict access to haz-
ardous zones, and to notify aviation authorities of an
impending threat of ash clouds and ashfall. Issuing a
forecast too early during an episode of growing unrest
may result in unnecessary hardship and economic loss,
besides substantially increasing the uncertainty of the
forecast. A forecast issued too late is one that provides
inadequate time for effective communication and mitiga-
tion. In comparison, long-term forecasts are included in
volcano hazard assessments, along with information on
potential hazards and impact areas (typically shown in
volcanic hazard zonation maps; Crandell et al. 1984).
Long-term hazard assessments are useful both for
land-use planning decisions and as an essential back-
ground and framework for use in near-term forecasting.
Although there have been disastrous failures to warn
of volcanic activity, increasingly volcano observatories
have been responsible for near-term forecasts that (along
with many other factors, e.g., community education,
mitigation actions by civil authorities, etc.) have saved a
minimum of 50,000 lives during the twentieth Century
(Auker et al. 2013). As with other fields of practice, it
has become evident that a concerted effort to share and
evaluate experiences and to identify common principles
of operation improves performance. This is especially
true for volcano observatories, because often the experi-
ence for a single observatory may be gained in events
spaced many years apart, whereas globally, eruptions are
monitored by observatories many times per year. Such
sharing has occurred at scientific meetings for many
years, but the VOBP workshops are the first in decades
in which international scientists focused on observatory
practices have met. What follows is a distillation of im-
portant principles that emerged from these discussions.
Justification for VOBP workshops
The United Nations Global Assessment Reports (GAR)
are global assessments of disaster risk reduction contain-
ing reviews of the natural hazards that affect society.The 2015 edition of the GAR was the first to include
volcanic hazards (GAR 2015). The GAR15 cites back-
ground reports from the Global Volcano Model net-
work (GVM 2014; Loughlin et al. 2015) for examples of
US $300 million in losses from the 2010 eruption of
Merapi volcano, Indonesia (BNPB 2011) and 5 billion
Euros in aviation-related losses from the 2010 eruption
of Eyjafjallajökull volcano in Iceland (Ragona et al.
2011). These reports note that more than 800 million
people in 86 countries live within 100 km of a volcano
that could potentially erupt. The countries with the
greatest number of people exposed are Indonesia, the
Philippines and Japan; however, in some small coun-
tries, a higher proportion of the population is exposed,
for example on small island states such as Montserrat,
St. Vincent and the Grenadines (Loughlin et al. 2015).
Further, the impacts from volcanic ashfall and drifting
ash clouds affect economic activity and the environ-
ment far beyond the locality of the eruption. It is clear
that volcanic risk is an international issue, which
crosses national borders and requires international co-
operation, such as is inspired by the VOBP meetings to
develop best practices to reduce volcanic risk.
Order of presentation
Because there was significant overlap between the topics
discussed in the three VOBP workshops, especially with
regard to communication and forecasting, we have
chosen to discuss the workshops in the following order:
VOBP3 (Long-term Volcanic Hazard Assessment),
VOBP1 (Near-term Eruption Forecasting), and VOBP2
(Communicating Volcanic Hazards).
VOBP3: long-term volcanic hazard assessments,
15–18 November 2016
Seventy-two participants representing volcano observa-
tories and partner organizations from 20 nations partici-
pated in VOBP3, which was held in Vancouver, USA
(Fig. 2; Additional file 1). Ten graduate students from
nearby universities observed the proceedings.
In 1959, the International Association of Volcanology
recommended “the permanent observation of active vol-
canoes by volcano observatories, work toward making
eruption forecasting reliable, and notification of govern-
ments of regions regarded as dangerous in the neighbor-
hood of volcanoes, having considered all the various
possibilities” (Géze 1959). Throughout the subsequent
decades it became widely recognized that volcanic haz-
ard maps are a principal means of communicating haz-
ard information and one of the primary elements of
long-term volcanic hazard assessments. During the
period between 1960 and the present, in addition to
monitoring, forecasting and warning, volcano observa-
tories world-wide have taken on the responsibility for
Fig. 2 Participants in the VOBP3 workshop on long-term hazard assessment in Vancouver, USA
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intensive programs of scientific study and publication of
a wide variety of hazard maps and assessment reports.
The first U.S. volcano hazard assessment was the sem-
inal report by Dwight Crandell and Don Mullineaux on
the volcanic hazards at Mount Rainier (Crandell and
Mullineaux 1967).
A landmark event in volcanology was the eruption of
Mount St. Helens in 1980, and the prescient forecast of
the eruption by Crandell and colleagues Mullineaux and
Meyer Rubin 5 years earlier (Crandell et al. 1975). The
value of the long-term hazard map they had published
in 1978 (Crandell and Mullineaux 1978) became imme-
diately evident, as this map was used as a framework for
subsequent hazard maps that were used during the
months preceding and following the 18 May 1980
eruption (Miller et al. 1981), in which monitoring data
and qualitative probabilities (“large, medium and small”)
were assigned to areas subject to pyroclastic flows, la-
hars and ashfall.
The rate of hazard assessment and map publication
greatly increased internationally during the 1980’s based
mainly on geological mapping and directly-observed his-
torical events. During this period, a series of “red book”
hazard assessments and zonation maps were published by
the Volcanological Survey of Indonesia (now known as the
Center for Volcanology and Geologic Hazard Mitigation
(CVGHM; or in Indonesian, the Pusat Vulkanologi
Mitigasi Bencana dan Geologi, PVMBG)). A hazard map
of Nevado del Ruiz was made during the year before the
1985 eruption (Cepeda et al. 1985), but tragically, crisis
communication to Armero and other towns at risk was
not effective and 25,000 died as a result of the lahars of 13
November, 1985 (Voight 1990). In contrast, a hazard map
that was quickly prepared by Philippine Institute ofVolcanology and Seismology (PHIVOLCS) and USGS dur-
ing the months preceding the 15 June 1991 VEI 6 eruption
of Mount Pinatubo was used to forecast hazardous areas,
proved to be remarkably accurate, and contributed to sav-
ing thousands of lives (Punongbayan et al. 1996; Tayag
et al. 1996; USGS 1997). The 1980’s and 1990’s began a
period that continues to today, in which statistical and nu-
merical models are combined with geologic and historical
data and with large data sets (e.g., wind-field data and glo-
bal databases) to create long-term probabilistic hazard as-
sessments and maps.
Here we summarize the current practice and recom-
mendations for next-generation long-term volcanic haz-
ard assessments, based on the input from participants in
the third Volcano Observatory Best Practice workshop.Essential components of long term volcanic hazard
assessments and recommendations regarding forecasts,
models and databases
Several components are considered essential for
long-term volcanic hazard assessments. These fall within
the two major categories of information necessary for
volcanic-hazards assessments of Crandell et al. (1984):
“Records of past eruptions” (Geologic information as
used here) and “Quantification of hazards” (Probabilistic
forecasts and models as used here).Description of volcanic hazards
Basic descriptions of volcanic hazard phenomena are
typically included in long-term hazard assessment docu-
ment. Such descriptions provide the non-specialist user
with a conceptual framework to understand the phe-
nomena and their potential hazards.
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“Ground truth” for hazard assessment is provided by
geologic studies, including stratigraphy, geochronology,
physical volcanology, geochemistry, petrology, geo-
morphology and geologic mapping. Information derived
from these studies establishes the range of possible erup-
tive styles and magnitudes as baselines of past activity,
and provides eruption frequency and magnitude data for
probabilistic analysis. Geologic maps provide the spatial
framework for a basic volcanic hazard map, which uses
the character and extents of past volcanic deposits as a
guide to potential areas that will likely be affected in the
future. Hazard maps may be complemented with results
from flowage and ash-fall simulation models to extend the
knowledge gained from deposits, and to graphically illus-
trate the potential effects of future eruptions. The resulting
composite hazard map is consequently both a record of
past impacts and a generalized forecast map for future
impacts.
A long-term hazard map can be updated and made
more specific during a crisis as monitoring information
and probabilistic analysis enables specific scenarios to be
evaluated and used in warnings. A number of volcano
observatories use their long-term hazard maps in this
manner (“Prioritization and customization of hazard as
sessments and maps to meet user needs” section ).
Other observatories, working in partnership with emer-
gency managers and local communities, take the hazard
map farther into the realm of risk reduction by creating
volcanic hazard mitigation maps, which not only show
areas of relative hazard, but also specify evacuation
routes and zones (Surono et al. 2012) and some even in-
clude instructions to the public on appropriate responses
under different scenarios, such as in the Mount Fuji
volcanic hazard map (https://www.city.fujiyoshida.yama
nashi.jp/div/bosai/html/hazard_map/print.pdf ).
Probabilistic forecasts
Probabilistic forecasts, typically using methods such as
Bayesian Event Trees (BET; Newhall and Hoblitt 2002;
Marzocchi et al. 2008; Marzocchi et al. 2012; Selva et al.
2018) and based on geologic information, are increas-
ingly considered essential components of long-term haz-
ard assessments (e.g., Marzocchi et al. 2010; Sandri et al.
2012). Although, these methods are more commonly ap-
plied in near-term forecasting (“Probabilistic forecasting
enables quantification of volcanic hazards and their un-
certainties, and supports long-term mitigation planning”
section); Newhall and Pallister 2015, probabilistic
analyses are also used in long-term assessment, as at
Vesuvius (Neri et al. 2008). Event-tree analysis requires
the systematic assembly and evaluation of extensive data
and references on past eruptions and global analogues,
which are then used to constrain the probabilities assignedin the tree. Further, event trees require the consideration
of all possible future hazardous scenarios. In short, the
“homework” involved in preparing scenario-based event
trees is an important step toward being prepared for fu-
ture crises. In addition, carrying a long-term
scenario-based probabilistic analysis through to vulner-
ability and risk can provide a quantitative basis for
prioritization, and for communication with decision
makers and at-risk communities (“Relationships between
communication and responsibility, and the importance of
constant communication between observatories and civil
authorities” section; Newhall 1982; Sandri et al. 2012).
The long-term eruptive history of a volcano or a vol-
canic region and the distribution of the products of past
eruptions are the first and most basic criteria used for
estimating the probability of future eruptions and their
areas of impact (e.g., Shimozuru 1983; Sudradjat 1986;
Lirer et al. 2001; Hall et al. 1999; Becerril et al. 2014;
Clynne et al. 2012) to name but a few of the hundreds of
examples). Most long-term hazard assessments and zon-
ation maps are based primarily on these types of data.
The eruptive history can also be used to estimate prob-
abilities of future eruptions and their impacts. An ex-
ample of such an analysis is that of Nathenson et al.
(2012), who fit several types of probability distributions
to records of eruptions at the Lassen volcanic center and
to records of large eruptions throughout the Cascade
Range of the U.S.A. These distributions were used to cal-
culate the probability of subsequent eruptions in the next
year and the annual probability of ashfall throughout the
region. In another example, information from past erup-
tions was used by Sandri et al. (2012) in a probabilistic as-
sessment of potential base-surge impacts for Auckland,
New Zealand. They used a Bayesian Event Tree (BET) ap-
proach and carried the resulting probabilistic assessment
through to support cost-benefit analysis in support of de-
cisions for both long- and near-term mitigation.Numerical and statistical models
There is common agreement that modeling is an im-
portant component of modern long-term volcano hazard
assessments, and near-term forecasting. In particular,
flow modeling utilizing high-resolution digital elevation
models (DEMs) and ash-dispersion and ash-deposition
modeling using comprehensive wind-field data are com-
monly used. It is critical to recognize and communicate
the uncertainties involved in such models, including not
only the statistical uncertainty of the calculations, but
also how the model was formulated and what simplifica-
tions were used. It is recommended that uncertainties be
quantified, or if not possible, they should be identified
and qualitatively described at a minimum. The same is
true with respect to uncertainties in the geologic source
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as guides, and it is essential that observatories work with
partners and clients to determine the information
needed and to ensure that there is a full understanding
of the variables and uncertainties. As noted by Box in
1976 (Box 2012) “All models are wrong, but some are
useful.”
The following recommendations are made with re-
spect to the use of statistically and physically based
models in long-term hazard assessment:
Models that allow comprehensive consideration of
variability due to multiple factors This category in-
cludes statistically-based models or deterministic models
that can be run repeatedly (e.g., with a Monte Carlo ap-
proach). Use these models for rapid assessment and por-
trayal of hazard zones for broad regions (such as an
entire volcano) where considerable uncertainty exists
about the locations and sizes of future flows. It is im-
portant to acknowledge that the statistical uncertainty of
model results reflects the effects of natural variability
among diverse settings. It is also possible to recalibrate
the coefficients of statistically based empirical flow
models for specific settings, but only if adequate data
exist to generate meaningful statistics (Iverson et al.
1998; Widiwijayanti et al. 2009). Monte-Carlo-based
ash-dispersion models are recommended for use in
long-term assessments both to evaluate specific eruption
scenarios and to estimate probabilities of ashfall
(Bonadonna et al. 2005; Schwaiger et al. 2012; Mastin
et al. 2013; Bustillos et al. 2016). There is room for im-
provement of statistically-based empirical flow models.
For example, commonly used flow model codes for lahar
modeling can be extended to other flow types, such as
debris flows, rock avalanches, and with appropriate cau-
tion to the dense, valley-constrained block-and-ash type
pyroclastic flows. However, in the latter case, extreme
caution must be used because of the fluidized nature of
pyroclastic flows, and the common generation of deadly
over-bank surges.
Sophisticated physics-based models can be used to
consider and research specific scenarios, but they
require greater computational resources Use physic-
ally based models to perform more detailed hazard as-
sessments where prior knowledge warrants. Such models
are useful to explore scenarios and get more detailed in-
formation (e.g., on velocities, concentrations, travel
times, etc.), factors that are important in hazard (and
risk) evaluations, and cannot be determined by simpler
models (Sheridan et al. 2010; Iverson et al. 2016). Such
models have great flexibility and explanatory power, but
they also have more components—and more sources of
uncertainty—than a simpler statistical model. Thus, theymust be used judiciously if they’re used in a hazard fore-
casting mode. A physically based model can have excellent
explanatory power but still have limited predictive power.Conceptual models
Conceptual models are generalized representations of
magmatic systems or processes. They are typically illus-
trated in cross-sectional diagrams. Such conceptual
models are based on the past state of magma systems as
inferred from petrology, geophysics and past episodes of
unrest and eruption, combined with any available petro-
logic and geophysical monitoring data that constrain the
state of the current magmatic system. In long-term haz-
ard assessment conceptual models provide a means to
relate eruptive history to magmatic dynamics and
plumbing. They provide a logical means to constrain fu-
ture eruptive behavior on the basis of geophysical and
geochemical data from past eruptions (e.g., Dzurisin
2018). They also provide a conceptual framework for
evaluation of the expected ranges and baselines of phys-
ical phenomena that are used in assessing potential fu-
ture eruptive behavior (e.g., Pallister et al. 1992; Carlino
2012; Browning et al. 2015; Koyaguchi 2016; Sparks and
Cashman 2017; Dzurisin 2018; and many others).Role of databases in long-term assessment
Long-term hazard assessments need to address the fre-
quency, size and the impacts of potential future erup-
tions. The paradigm “the past is the key to the future” is
widely and appropriately applied in long-term assess-
ment. Consequently, databases of past eruptive behavior
are crucial. Long-term forecasts are weighted by the in-
dividual volcano’s geologic past, while also accepting that
reconstructed eruption histories are typically incomplete,
and consequently, a level of uncertainty must also be in-
cluded in these evaluations. In addition, a volcano’s be-
havior can change as it evolves. It is important to be
aware that the paradigm is not inviolate and to be on the
lookout for any clues in the monitoring data, or in the
eruptive history of similar volcanoes, to a potential change
to a new state. A traditional approach is advocated in
which geologic field and lab work (geology, stratigraphy
and geochemistry) is used to establish a local database for
long-term assessments, which is then combined with
real-time monitoring data for use in near-term forecasting
of the style, timing, and geographic extent of hazards.
Added value can be attained through analysis of global da-
tabases on past eruptions (such as in the Volcanoes of the
World (VOTW) database of the Smithsonian Institution’s
Global Volcanism Program (Global Volcanism Program,
2013; http://volcano.si.edu/); although, one must be aware
of the limitations, biases and default values that are inher-
ent in such databases).
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Global and volcano-specific databases that catalogue the
timing, magnitude and duration of eruptions, as well as
periods of unrest that do not lead to eruptions, are es-
sential elements for probabilistic hazard assessment and
forecasting and most observatories maintain their own
databases to aid in hazard assessment and forecasting.
Currently, the most extensive global database of basic
data on volcanoes that have had Holocene eruptions is
the Volcanoes of the World (VOTW) database (Global
Volcanism Program 2013), although it lacks precursory
and eruption phase details and monitoring data that are
needed for hazard assessment and probabilistic forecast-
ing. Consequently, additional database projects to build
on and complement the VOTW database are underway,
such as WOVOdat (Newhall et al. 2017; http://www.wo
vodat.org/) and the Eruption Forecasting Information
System (EFIS; Ogburn et al. 2016). In addition, the
Global Volcano Model network has instigated a series of
global relational databases that use GVP (Global
Volcanism Program 2013) volcano identifiers to enable
interlinking of data relevant to hazards and risk. Much
of this work is focused on fleshing out and improving
details of the data that are needed to improve near-term
eruption forecasts through definition and analysis of
analogue volcanoes, or to improve the knowledge base
for specific types of volcanoes or hazards (e.g., Large
Magnitude Explosive Volcanic Eruptions (LaMEVE;
Brown et al. 2014).
It is important to understand that the global databases,
such as the VOTW, are incomplete and they have sys-
tematic biases, such as the greater reporting of low-VEI
eruptions with time. A best practice recommendation to
address this issue is first to expand databases to define
rate-magnitude distributions for all analogue volcanoes
in a similar state, then correct this distribution to take
into account systematic biases in the database(s) used.
Where detailed information is available on the
time-frequency and time-volume relationships of a vol-
cano, it becomes possible to evaluate statistical models
that are aimed at assessing and forecasting long-term
hazard assessment in a similar way to that the seismo-
logical community has applied such models to develop
30-year and 100-year return intervals for earthquakes.
For example, Marzocchi and Bebbington (2012) evalu-
ated different Bayesian statistical models to assess the
long-term probabilities of eruptions at Campi Flegrei. It
is anticipated that as improvements in volcano databases
are made, additional quantitative probabilistic analyses
will become possible for individual volcanoes.
Probabilistic and deterministic aspects of databases
As in the VOBP workshops on forecasting and commu-
nication, there are important questions about the rolesand value of probabilistic versus deterministic methods
and about how uncertainties are best estimated and
communicated. Conditional probabilistic event-tree ana-
lysis is becoming a widely used method for assigning
probabilities to various outcomes during a near-term cri-
sis response, in which monitoring data are available and
have already defined a period of unrest. However, the
role of long-term (unconditional) probabilistic analysis
for currently quiescent volcanoes is more challenging.
Such analyses typically rely on extensive records of past
eruptions to establish thresholds and to determine annu-
alized probabilities and associated uncertainties. Condi-
tional long-term hazard quantification (conditioned to
the occurrence of an eruption) may also be used to build
evacuation plans because they say what may happen in
case of eruption (this is the case for Vesuvius and Campi
Flegrei (Selva et al. 2018; Neri et al. 2015; Macedonio
et al. 2016). Consequently, conditional assessments are
useful not only in short-term quantification, but also in
long-term planning, even for volcanoes with infrequent
eruptions. Statistical models have been applied to esti-
mate eruption probabilities for volcanoes with frequent
eruptions and/or extensive data on past eruptions (e.g.,
Salvi et al. 2006; Mendosa-Rosas and De La Cruz-Reyna
2008; Dzierma and Wehrmann 2010; Nathenson et al.
2012); however, the extent to which such models can be
generalized and applied elsewhere is not known
(Marzocchi and Bebbington 2012).
Meeting stakeholder needs through long-term hazard
assessment
How stakeholder needs are met by observatories varies
according to the national regulations and laws that de-
fine the roles of most observatories and these regulations
vary widely. Although all observatories deal with vol-
canic hazards, there is variation with respect to how haz-
ards are communicated (e.g., issuance of Alert Levels,
and direct versus indirect communication of warnings to
the public and the media (Additional file 3; “Relation
ships between...” section). There is also a wide range in
the responsibilities of observatories with respect to
evaluation of vulnerability and risk; some are directly in-
volved in such evaluations and have devoted significant
resources to these pursuits; whereas others work with
partners or share their hazard data as an input to such
evaluations. In addition, there is variability in the degree
to which observatories are responsible for mitigation of
risk, such as prescribing or advising on areas to be evac-
uated, and the modes of legal authority and responsibil-
ity. There are practical considerations of budget,
available expertise, cultural and societal norms, and the
level of risk tolerance, all of which contribute to the
wide variety of content and character of long-term vol-
cano hazard assessments globally (“Relationships
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volcanic hazards, the subject of vulnerability assessment
and risk mitigation is suggested as a topic for a future
VOBP workshop (“Mitigation of volcanic...” section).
Even within individual nations there are differences in
the methods used and reported in hazard assessments,
which result from these factors, as well as from regional
differences in concern about ground-based versus air-
borne hazards. In addition, population density and dis-
tribution and the dominant types of eruptive behavior at
the volcano in question play a role in the content and
prioritization of hazard assessments. Because of the vari-
ability in roles and responsibilities, it is generally agreed
that with a few exceptions (e.g., alert levels for ash-cloud
hazards to aviation), a single international standard for
ground-based hazard assessment is not possible to-date.
Instead, international best practice recommendations for
development of scientific methods to improve hazard as-
sessment and for the creation of products and services
to meet stakeholder needs are considered appropriate
and helpful.
Community-level education and community-based
mitigation strategies affect both near-term crisis re-
sponse and long-term planning. Although the details
of observatory engagement vary, there is wide agree-
ment concerning the importance of working with com-
munities and emergency managers at all levels
throughout the volcanic cycle, and especially during
periods of volcanic quiescence (“Relationships be-
tween...” section).
New developments and improvements in long-term
assessment and mapping
International examples of long-term volcanic hazard as-
sessments and hazard-zonation maps are cited here,
along with explanations of how these assessments are
used by emergency managers, and how they inform the
development of a “next generation” of long-term hazard
assessments.
Portfolio of products
Most observatories produce a wide variety of volcanic
hazard-assessment related products. During VOBP3, it was
recommended that next-generation hazard assessments
consist of “portfolios of products” designed to meet user
needs. Further, it was suggested that such portfolios could
be made available and archived as digital databases. Portfo-
lios may include hazard assessment reports, maps, posters,
succinct information statements (i.e., fact sheets about haz-
ards and preparedness information), as well as baseline in-
formation, eruption scenarios, probabilistic analyses, and
links to monitoring information. The GNS-New Zealand
web page for volcanic hazards comes close to this approach
by making a wide variety of information products availablethrough links, including monitoring data, Volcanic Alert
Levels (VALs; “Volcanic alert levels (VALs)” section), haz-
ard bulletins and posters, as well as information on hazard-
ous phenomena and how to respond during periods of
volcanic unrest (https://www.gns.cri.nz/Home/Our-Science
/Natural-Hazards/Volcanoes).
Prioritization and customization of hazard assessments and
maps to meet user needs
During VOBP3, it was reported that Chile’s decision
makers (at local to national levels) only want simple,
basic maps to define exclusion zones; similar reports
were shared by other observatories. However, a simpli-
fied map may be misrepresented and result in more ex-
tensive evacuations than are needed, as was the case
during Cordón Caulle’s 2011 eruption. Consequently, at
Cordón Caulle, more detailed hazard maps were con-
structed based on the stakeholder needs. In Indonesia,
sector-based hazard maps are routinely created and used
by CVGHM and civil protection partners during crisis
responses in high-risk areas, such as near Merapi (Sur-
ono et al. 2012). In other high-risk urban and industrial
areas, such as Naples, Italy, it was noted that providing
new hazard maps during the advanced stages of a crisis
could lead to disruption of trust and cause conflict. In
such situations it is particularly critical that constant and
productive interaction between scientists and decision
makers takes place, so that even a relatively complex pic-
ture can be understood.
A potential problem results from worst-case scenarios
that are used for modeling in many traditional
long-term assessment maps. Such maps are useful for
long-term land-use planning, but unless they are well
understood by stakeholders, they may result in overly
conservative mitigation decisions. Implicitly or explicitly,
the determination of a worst-case refers to a probability
threshold and therefore to accepted risk, a concept that
is best determined by society, not by volcanologists
alone. For this reason, it is important that even events
with very low probability are communicated and under-
stood. Providing hazard maps over different time frames
(e.g., the 10-year or 100-year or 1000-year assessment)
may be a way to communicate the range of expected phe-
nomena for frequently active volcanoes, although for in-
frequently erupting volcanoes this may not be practical.
Selection of volcanoes and volcanic areas for new or
additional hazard assessment work will need to take into
account end-user needs, as well as relative threat levels,
cost-benefit and available resources. As an example,
Colombia sets priorities for new hazard assessments and
maps according to four criteria: 1) perception of risk and
necessity of information needs of communities, 2) level
of unrest, 3) historical activity, and 4) potential explosiv-
ity. Similar methods of prioritization based on threat
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tice internationally and demonstrate that ultimately,
threat levels and risk drive priorities for hazard assess-
ment (“Minimal monitoring...” section).
Summary of VOBP3 best practice recommendations
The following best practice recommendations resulted
from the VOBP3 discussions:
1. Geologic information on past eruptive behaviour
and geologic maps showing the distribution of
eruptive products, coupled with scenario-based
model results and data from analogous eruptions
remain as a foundation for long-term hazard assess-
ments and hazard maps.
2. Models that embed statistical analysis or simple
models that can be used in a statistical way are
recommended when conducting long-term hazard
assessment. More complex numerical models in-
form understanding of processes, help explore haz-
ardous scenarios, visualize the full range of
hazardous phenomena, and inform simpler models.
Both types of models are important in hazard
assessment.
3. A next generation of global databases is required to
inform and validate long- and near-term hazard as-
sessments, and extend geological data for individual
volcanoes.
4. It is recommended that next-generation hazard
maps should be viewed as windows into digital da-
tabases and online libraries that serve multiple user
needs. Hazard maps are but one of a portfolio of
products that constitute a comprehensive hazard
assessment, which should be tailored to meet user
needs.
5. Conceptual models and event-tree analyses are rec-
ommended to aid in hazard assessment. Conceptual
models are useful in developing multiple working
hypotheses, providing context for monitoring data
and informing event-tree analyses.
6. Event trees allow a range of possible outcomes to
be evaluated in a probabilistic framework, help
define gaps in knowledge, and provide a systematic
way to assemble and archive supporting
information that is important for both long- and
short-term assessment.
7. Officials need to be informed of all scenarios
including those of low probability, and it can be
useful to emergency managers to include key
infrastructure (e.g., lifelines and other critical
infrastructure) on hazard maps.
8. Institutional responsibility and expertise determine
the extent to which an observatory participates
with decision-makers in recommending mitigationactions as part of assessments. As for near-term as-
sessment, effective hazard-mitigation decisions
based on long-term hazard assessment require con-
stant relationships with decision makers. Observa-
tories should engage stakeholders to inform them of
how their expertise and products can meet their
needs and to work together to design the most ef-
fective assessment practices and products.
9. Effective communication of probabilistic results
requires a practice of dialogue and mutual
understanding with stakeholders, to ensure that the
message is well received and not misunderstood.
10. Long-term volcanic hazard assessments are
informed by vulnerability and risk evaluations,
which provide a means to prioritize new assessment
work as well as the required sophistication and
accuracy for subsequent hazard investigation and
forecasts.
Long-term volcanic hazards assessment requires that a
wide range of processes take place, ranging from stake-
holder engagement to geologic studies and modelling. A
flow chart (Fig. 3) illustrates how these processes and
the recommendations given here can be used ultimately
to mitigate risk.
VOBP1: near-term eruption forecasting, 11–15
September 2011
Eighty participants representing volcano observatories
and partner organizations from 27 nations participated
in the first VOBP workshop in Erice Italy (Fig. 4;
Additional file 1). The meeting focused on the critical
theme of eruption forecasting. The three-day workshop
dealt with near-term forecasting at long-dormant strato-
volcanoes (Day 1), frequently-active stratovolcanoes
(Day 2), and at calderas (Day 3). The emphasis was on
presentation and discussion of experiences in forecasting
eruptions, both successful and unsuccessful, and led to
the conclusions and best-practice recommendations
summarized here.
Probabilistic forecasting enables quantification of
volcanic hazards and their uncertainties, and supports
long-term mitigation planning
Pre-eruptive processes are usually characterized by ex-
treme complexity, nonlinearities, and a large number of
degrees of freedom (Sparks 2003; Marzocchi et al. 2012).
These factors bring about an unavoidable source of un-
certainty. No matter how well we know the appropriate
equations and their parameters, complex nonlinear sys-
tems are inherently unpredictable in a deterministic
sense, and in particular, for forecasting time intervals of
hours or more. This aleatoric type of uncertainty con-
cerning the pre-eruptive phase is therefore irreducible.
Fig. 3 Flow chart illustrating how a requirement for long-term hazards is created in the context of best-practice recommendations of VOBP3. In
this and subsequent flow charts, ovals are starting points and major outcomes (which, in the case of probabilistic forecasting also includes
processes such as expert elicitation and even-tree analysis), squares are processes, diamonds are major decisions and the cylinder represents a
database. Solid boundaries indicate observatory-based processes, dashed boundaries are partner-organization-based processes (understanding
that some observatories lie within university organizations and that in some processes are shared, as indicated by solid and dashed lines)
Pallister et al. Journal of Applied Volcanology             (2019) 8:2 Page 11 of 33However, once an eruption begins the number of un-
knowns decreases and the system settles into a pattern
of behavior and uncertainty is reduced, sometimes even
to the point that prediction is possible. An example was
the prediction of dome-forming eruptions of Mount St.
Helens in 1980–1986 (Swanson et al. 1983). Similarly,
using the initial geometry of dome extrusion in theFig. 4 International participants in the VOBP1 workshop on near-term forecontext of past behavior, it was possible to forecast the
approximate timing and sites of dome collapse at Merapi
volcano, Indonesia in 1996 (Ratdomopurbo et al. 2013).
Empirically determined patterns of seismicity have also
aided greatly in forecasting (e.g., Chouet 1996; McNutt,
1996; White and McCausland 2016, 2019) and probabil-
istic forecasts using event trees to evaluate multiple linescasting in Erice, Italy
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in Newhall and Pallister 2015). At the frequently erupt-
ing, open-conduit Etna volcano, methods based on prob-
abilistic analysis of geophysical time series (Cassisi et al.
2016; Ripepe et al. 2018) have enabled forecasting the
occurrence of potentially threatening ash-rich lava foun-
tains up to a few hours in advance, with a nearly
complete success rate. It has even been possible to sta-
tistically forecast the most likely duration of the
long-lived eruption of Sinabung volcano, Indonesia
(Wolpert et al. 2016).
Besides aleatoric uncertainty, pre-eruptive processes
are also characterized by another source of uncertainty,
epistemic. Epistemic uncertainty stems from the limited
knowledge of the processes, i.e., most of the time we
don’t know all the equations and parameters of the pro-
cesses that characterize the pre-eruptive phase. This
kind of uncertainty may be better characterized by in-
creasing the physical and empirical knowledge of the
pre-eruptive processes, and therefore increasing such
knowledge represents a main goal of volcanologists. In
addition, models of the natural world inevitably require
simplifications and assumptions, so in addition to epi-
stemic uncertainty, the models themselves will always
have an element of “structural uncertainty” (Bojke et al.
2009). Uncertainties can be quantified through the
mathematical concept of probability that may incorpor-
ate these types of uncertainty.
The ubiquitous presence of uncertainty makes un-
avoidable the use of probabilities to forecast quantita-
tively volcanic eruptions. Depending on the available
information and the approach adopted, probability may
represent the expected frequency of a determined kind
of event (e.g., Nathenson et al. 2012; Ripepe et al. 2018),
or the degree of belief about the occurrence of one spe-
cific event, given the present state of knowledge. The
quantification of forecasts in terms of probabilities may
be difficult because of the limited understanding of the
physics of the pre-eruptive process with respect to the
complexity of the natural magmatic system, and the lim-
ited number of pre-eruptive data for past eruptions.
Nonetheless, even a limited understanding and experi-
ences collected from other volcanoes may be useful to
quantify probabilities, as noted above. An example of
this approach is the merging, in a proper and quantita-
tive way, of the opinion of a community of experts
(Aspinall and Cooke 1998; Marzocchi, et al., Marzocchi
et al. 2008; Marzocchi et al. 2012; Newhall and Pallister
2015; Selva et al. 2012).
The quantification of probability is of paramount im-
portance for two main reasons: 1) Probabilities represent
a fundamental scientific ingredient to plan quantitative,
rational and transparent protocols for decision-making.
In general, the cost and benefit of each mitigation actioncan be represented as a probability threshold that, when
exceeded by the probability estimated by scientists, can
justify the use of a mitigation action. 2) In an ideal case,
transparent protocols for risk mitigation are defined in
advance, in which the scientists estimate probabilities
and the decision-makers decide acceptable probability
thresholds. Such a protocol clarifies roles and responsi-
bilities of each partner of the decision-making chain.
However, in many real-world cases, the decision-maker
may ask the scientists for both probabilities and thresh-
olds. In such cases, guidance can be provided, e.g., in the
form of a risk ladder, to aid in the understanding of the
probability values (Keller et al. 2009; Keller 2011).
Probabilistic forecasts are standard practice in meteor-
ology, and in this context they are generally accepted
and understood by the public. In many places, volcanic
activity is much less familiar and may be more threaten-
ing to the public than weather phenomena. Conse-
quently, and for a variety of reasons (e.g., lack of
familiarity, complexity of forecasts, lack of statistical ex-
pertise) probabilistic forecast for volcanic phenomena
may not be as well accepted (Constantinescu et al.
2016). It is anticipated that probabilistic forecasts will
eventually become common practice at most volcano
observatories worldwide, and indeed, a number of obser-
vatories are already using expert judgement and prob-
abilistic event-tree analyses to guide their forecasts and
warnings (Newhall and Pallister 2015). In cases where
volcanic alert levels (VALs) are issued, probabilistic fore-
casts are one of the components used in assigning VALs,
whether issued by observatories or by their civil protec-
tion partners (Additional file 3; “Volcanic alert levels
(VALs)” section).
Regardless of the degree to which forecasts are quanti-
fied with numerical probabilities, observatories work to
provide those responsible for mitigation decisions with
the most comprehensive picture of current situations
and expected changes, and of the associated uncertain-
ties. Ideally, these decision-makers then use such quanti-
tative and qualitative volcanic-hazard evaluations,
together with knowledge and evaluations from many
other relevant disciplines (e.g., social sciences, economy,
engineering, cost/benefit analysis, etc.) to define thresh-
olds above which to start specific mitigation actions.
Minimal monitoring can identify volcanic unrest, allow
useful detection and forecasting of eruptions, and save
lives and property. Additional monitoring reduces
uncertainties and improves forecasts. Prioritization of
monitoring investment according to threat level is essential
By establishing background levels and thresholds, e.g.,
through recognition of patterns of precursory seismicity
and other monitoring data, it is possible to detect vol-
canic unrest and forecast eruptive behavior with varying
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White and McCausland 2016; 2019). Real-time data
from very basic seismic monitoring networks (e.g., in
some extreme cases with data from only a single seis-
mometer) can be effective, especially if the volcano has
an historical track record that includes typical precur-
sors. However, such minimal monitoring introduces con-
siderable uncertainty and poses great risk, as a single
point-of-failure can leave an observatory “blind” at crit-
ical times of crisis and multi-parameter monitoring en-
hances understanding.
In addition to forecasts, it is also well established that
eruption detection and ash-cloud tracking is critical for
aircraft to avoid hazardous volcanic ash (“Timely and ef
fective communications in support of aviation safety”
section). In addition to seismic methods which require
in situ networks, infrasound (Fee and Matoza 2013) and
satellite data enable remote detection of explosive erup-
tions and ash-cloud tracking (Prata 2009; Pyle et al.
2013). But eruption detection alone provides limited
time for avoidance and no time for route planning, fac-
tors that are essential for overall safety, continuity, and
economy of aviation operations. In all cases, resilient
and multi-parametric monitoring utilizing both in situ
(proximal ground-based) and satellite sensors reduces
uncertainty and improves an observatory’s ability to
forecast eruptions and save lives and property.
Forecasting the type and magnitude of eruptions is lim-
ited by the fact that to-date we still lack a commonly ac-
cepted framework to relate observed data on unrest to the
magnitude of the expected eruption. As a consequence,
such forecasts rely heavily on empirical or simple statis-
tical analysis of historical and geological eruption data.
For a simple example, if the geologic record indicates a
high ratio of explosive to effusive eruption products at a
particular volcano, then there is a relatively high probabil-
ity of an explosive eruption in the future. These
empirically-based methods have great value and should be
expanded through database programs and efforts to im-
prove and better populate eruption databases, the rele-
vance of which cannot be overstated.
In spite of the uncertainties, some progress in forecast-
ing of magnitude and explosivity has been made in re-
cent years. In a few cases, unusually rapid and large
increases in seismic energy release, deformation rate,
and changes in SO2 emissions have been used to forecast
larger-than-normal eruptions, resulting in savings of tens
of thousands of lives (Newhall and Punongbayan 1996;
Surono et al. 2012). However, rapid increases preceded
large eruptions by only short time spans and resulted in
limited times for evacuations, and large increases in SO2
do not always correlate with eruption intensity (e.g.,
Miyakejima in 2000 (Kazahaya et al. 2004); Cotopaxi in
2015 (Hidalgo et al. 2018)). Changes in CO2 emissions,which started days to weeks in advance of explosive
eruptions at Etna, Redoubt, and Merapi volcanoes
(Aiuppa et al. 2007, 2010; Werner et al. 2013; Surono
et al. 2012) offer promise as an early-warning indicator
for some moderately explosive eruptions. Yet, because of
its abundance in the atmosphere, there are significant
analytical and logistical challenges in CO2 emission
monitoring (Schwandner et al. 2017).
Overall, there is wide agreement among volcano obser-
vatories that monitoring investments should be prioritized
according to threat and risk (Ewert et al. 2005, 2018;
Ewert 2007; Brown et al. 2015). To the degree that eco-
nomic and logistical constraints permit, it is recom-
mended that threat- or risk-based prioritizations of
monitoring investments be used to establish resilient,
multi-parametric monitoring networks for all high-threat
volcanoes, while also striving to maintain at least minimal
monitoring for all potentially active volcanoes in an
observatory’s area of responsibility. In addition to
well-instrumented laboratory volcanoes (“The case for
laboratory volcanoes” section), it is important to stress
that a minimal level of monitoring is needed to capture
the full eruptive phase and provide near-term forecasts. In
addition, the signs of early unrest can be subtle and one
cannot know with certainty which volcano within an arc
will enter unrest next. Because resources are not available
to instrument all volcanoes at the laboratory volcano level,
embedding at least minimal monitoring within strong re-
gional seismic and deformation networks provides the
best chance of catching the earliest phases of unrest and
avoid “playing catch-up” with a reawakening volcano.
Improved forecasts can be achieved through sharing of
data and experiences among observatories, and by
comparative studies of volcanoes and eruption sequences
As previously noted, eruptions involve complex natural
processes that are difficult to forecast, and uncertainties
are inherent and cannot be completely eliminated. It is
therefore important to both reduce uncertainties as
much as possible and carefully communicate remaining
uncertainties to decision makers.
Sharing of data and observations is particularly critical,
as they constitute the objective knowledge of the phe-
nomena that characterize volcanic unrest worldwide.
The creation of open-access international databases of
volcanic unrest and expansion of existing databases (e.g.,
VOTW; http://volcano.si.edu/) is therefore a crucial
element to establish best practices at volcano observa-
tories. It is important that databases include cases that
both culminate and do not culminate in eruptions. Such
databases will allow observatory scientists to determine
whether the specific sequences they observe have been
observed previously at other volcanoes, thereby quickly
providing references for comparison. These databases
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used in forecasting. Examples include WOVOdat – the
database of the World Organization of Volcano Obser-
vatories, www.wovodat.org and the Eruption Forecasting
Information System (EFIS; Ogburn et al. 2016) of the
Volcano Disaster Assistance Program (VDAP). It is rec-
ommended that databases of volcanic unrest adopt com-
mon standards and strive to be compatible with each
other, so as to guarantee efficient searches and a consist-
ent basis for comparison. Although the time constraints
imposed by crises and limited staff time are recognized,
it is further recommended that observatories make
regular population of open-access databases a priority.
Contributions may be facilitated through stand-alone
versions of databases and through scripts that link and
translate between observatory-based crisis-response da-
tabases and global databases – such programs are being
implemented by WOVOdat (Newhall et al. 2017). Global
eruption databases have the unique potential to provide
the small as well as the larger and more-advanced obser-
vatories with complete, critical, and continuously
up-dated knowledge on volcano unrest – knowledge that
is important for effective forecasting.
Sharing of experiences among volcano observatories is
equally critical. A volcano observatory can easily experi-
ence substantial social and political pressure during an
unrest crisis, when crucial decisions must be taken.
Knowledge based on other observatory evaluations and
forecasts for similar situations can help alleviate such
pressure and lead to weighed decisions that include con-
sideration of international practices. Regular communi-
cation among and dedicated meetings of scientists from
volcano observatories (such as the VOBP workshops)
are recommended as a common practice to improve
specific and overall skills in near-term volcanic hazard
forecasts. Additionally, regional and international shar-
ing of technical and educational capabilities is encour-
aged; as such shared activities enhance the capacity of all
observatories, independent of size and funding levels.
Some volcanoes display remarkably similar behavior,
even though separated by great distances. Such ana-
logues provide attractive objects for comparative study,
the objective of which is to understand the relationship
of the volcano’s behavior to fundamental processes and
characteristics, as opposed to random events. Examples
include the remarkably similar collapse – blast – plinian
eruption – dome-building sequences of Bezymianny in
1956 and Mount St Helens in 1980; the extended
dome-building and block-and-ash flow eruptions of es-
sentially identical crystal-choked magmas at Unzen in
1990–1995 and Kizimen in 2010; frequent dome growth
and collapse at Colima, Merapi, Sinabung and Soufriere
Hills; the rapid cone growth of tephra-rich basaltic vol-
canoes Fuji and Kliuchevskoi; the frequent lava eruptionsfrom shallow magma reservoirs, with shield-building
and slumping at oceanic plume-related basaltic volca-
noes Kilauea and Piton de la Fournaise; and the recur-
rent unrest of Yellowstone, Campi Flegrei and other
silicic calderas throughout the world.
Improvements in forecasting can also be achieved
through modeling and research into underlying
magmatic processes. Research on intensely instrumented
“laboratory volcanoes” improves theoretical and
conceptual models for interpretation of monitoring data
Although relatively small monitoring networks can be ef-
fective in revealing the onset of unrest and its escalation to
an eruption, reducing uncertainties in forecasts requires the
development of dense networks of multi-parametric instru-
ments as well as knowledge from multi-disciplinary studies
on individual volcanoes. Multi-parametric monitoring
based on a combination of seismicity, geodesy (deformation
and gravity), and gas and spring-water geochemistry data
are proving to be effective in providing robust evaluations,
but other parameters (e.g., from magnetotelluric and elec-
trical conductivity surveys, and from petrologic and textural
analyses of early-discharged juvenile magma) can provide
additional constraints and result in improved forecasts. Re-
cent developments in instrumentation and methods in-
clude: i) substantially increasing the sensitivity of networks,
especially through the deployment of broad-bandwidth,
near-vent, and borehole instruments and the development
of data-processing techniques to separate coherent signals
from background noise; ii) progressively filling a gap in the
frequency spectrum of recorded signals corresponding to
ultra-long-periods from minutes to hours at one extreme
and infrasonic frequencies at the other extreme; iii) comple-
menting ground-based observations with space-born moni-
toring, especially utilizing all-weather and day-night
satellite radar data for change detection (e.g., through mul-
tiple backscatter images and Interferometric Synthetic
Aperture Radar data). Advanced processing of multi-
parametric data, including techniques such as tomographic
modeling of seismic data and high-resolution inversion of
geodetic data coupled with petrologic and geochemical in-
formation, provide knowledge of deep magmatic systems
that is crucial for correctly interpreting monitoring signals
and constraining models of volcano dynamics.
Conceptual models
Conceptual models are especially useful as a framework for
understanding potential magmatic processes involved both
short- and long-term assessments. At laboratory volcanoes,
the enhanced monitoring and scientific investigations typ-
ically enables a greater understanding of magma genesis
and transport (e.g., Wanke et al. 2019a, b). In near-term
crisis assessment the resulting conceptual models provide
a means to relate monitoring data trends to magmatic
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2002, Power et al. 2013; Sparks 2003; Cashman 2004;
Aiuppa et al. 2007, 2010; Iguchi et al. 2008; Biggs et al.
2009; Neri et al. 2009; Werner et al. 2013; McCausland
et al. 2017; Sparks and Cashman 2017; Dzurisin 2018;
White and McCausland 2019). In eruptions that span
weeks to years and in which seismic, geodetic and gas
monitoring data provide insights into the sub-surface mag-
matic system, and/or when near-real-time sampling can be
accomplished in a safe manner (e.g., ash sampling), con-
ceptual models can be revised and used in near-real-time
for short-term forecasting and warning (e.g., Gaunt et al.
2017). These models are also useful in long-term hazard
assessment, as discussed in “Conceptual models” section.
Statistical and numerical flow and ash models
Statistical and numerical models are important compo-
nents of both long-term assessments and near-term
forecasts at laboratory volcanoes. These models are dis-
cussed in detail in “Numerical and statistical models”
section.
The case for laboratory volcanoes
Resources do not exist to implement comprehensive in-
vestigation and extensive monitoring of all the world’s
potentially hazardous volcanoes. Moreover, the cost of
installing and maintaining instruments and the
time-span over which a variety of event observations can
be expected to be captured varies greatly. Volcanoes that
become attractive global laboratories are those that have
one or more of the following characteristics: i) pose a
significant risk that justifies the investments; ii) are fre-
quently active so as to begin to return results soon after
the investment is made; and iii) are easily accessible so
as to minimize logistical costs.
High quality multi-parametric data from a number of
intensely monitored, deeply investigated natural labora-
tory volcanoes (Vesuvius, Campi Flegrei, Etna and
Stromboli in Italy; Long Valley and Yellowstone calderas,
and Mount St. Helens and Kilauea in USA; Soufrière
Hills in Montserrat Island, Lesser Antilles; Unzen and
Sakurajima in Japan; Merapi in Indonesia, Mayon in
Philippines, and several others) allow the development
of sophisticated conceptual and theoretical models of
volcano behavior, and their testing through comparison
with observations of unrest and/or eruption. Such
models have the potential to: i) provide a robust frame-
work for establishing relationships between surface ob-
servations and deep processes, thus leading to improved
interpretation of monitoring data and guides for best de-
velopment of monitoring networks at other volcanoes;
ii) provide conceptual models of volcanic processes from
lithosphere into the atmosphere, thus leading to deeper
understanding of volcano dynamics and of thecontrolling roles played by multiple variables (e.g.,
magma composition/volatile contents, system geom-
etries, volcano topography, local climate and wind circu-
lation, etc.); iii) provide scenarios for analysis of
thresholds in monitoring parameters that result in haz-
ardous processes. The examples of laboratory volcanoes
cited here have contributed important insights into our
understanding of eruptive processes. Additional labora-
tory volcanoes are needed to more fully explore the glo-
bal range of activity and to enable more detailed
comparisons.
Not only do laboratory volcanoes provide data on
magma dynamics unmatched in breadth and frequency
of recurrence by other sites, but they serve as natural
gathering places for teams from different countries to
collaborate. They provide an effective situation in which
to compare and validate methods, explore concepts and
ideas, deepen understanding, and define successful prac-
tices for advanced monitoring and near-term forecasting.
While it is important that the experience gained at la-
boratory volcanoes be transported to other dangerous
volcanoes, the specificity of each volcano may represent
a substantial difficulty. It can be complex to discern
those characteristics that can be generalized to other
volcanoes, even when of the same general type (e.g.,
long-dormant, frequently-erupting, calderas, etc.). Differ-
ences in system conditions at different volcanoes (e.g., in
terms of extent and roles of hydrothermal circulation,
system geometry at depth, magma compositions in-
volved, magma and rock properties, etc.) are factors that
must be taken into account as possible limits to straight-
forward extrapolations. A calibrated mix of observations,
experience, theoretical and numerical studies is the key
to useful understanding of unrest and forecasting of
near-term hazards at a large number of volcanoes.
Universities are natural partners for volcano
observatories, potentially providing additional scientific
expertise, personnel who can assist, and an important
avenue for educational benefit and community outreach
Universities, as society’s primary engine for the creation,
preservation, and passing on of human knowledge, rep-
resent a natural and, where available, indispensable ally
of volcano observatories. This is especially true for
neighboring universities, which by proximity will tend to
have shared interests and more opportunities for inter-
action. In some cases, universities may also host a
broader range of relevant expertise than an observatory
can support. The faculty workforce may be large and
flexible, usually with an ability (or requirement) to start
and stop new projects faster than observatory scientists.
Most of all, universities have students, who can provide
strong, enthusiastic, and readily expandable support for
an observatory in “peacetime,” or when appropriate,
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servatories, students can be motivated to become the
geohazard scientists of tomorrow. For students, the ex-
perience of working in, or in association with, an obser-
vatory gives them a sense of directly applying the
science they are studying for the public good. For the
observatory, students can provide refreshing new talent
and a counterforce to the cloistering effect of observa-
tory structure. Students from a local university can also
provide an important link between the observatory and
the community the observatory serves.
For some countries, the linkage between observatories
and academia is natural because they are part of the
same bureaucratic structure, even to the extent that the
observatory is operated by a university or research insti-
tute (as in Japan, where the volcano observatories are
maintained by universities and their data are shared with
the Japan Meteorological Agency, which has responsibil-
ity for emergency management). In other cases, an ob-
servatory and its potential university partners are totally
unrelated entities, so that institutional barriers must be
overcome for close cooperation to occur. In the latter
case, the observatory may have a strongly operational
emphasis, and correspondingly fewer research and devel-
opment components in its mission portfolio.
Even when an observatory is part of an academic sys-
tem, there often remain clear distinctions between being
a faculty member and an observatory scientist. Faculty
with teaching and other responsibilities cannot be totally
dedicated to observatory functions except over short pe-
riods of crisis. On the other hand, observatory scientists
with operational responsibilities may not be able to
achieve the scientific research and publication output
expected of their regular academic colleagues. Accom-
modations for these differences must be made in order
to have an effective partnership.
A more general issue for relations between observator-
ies and universities is the collegial exchange of data and
ideas. This is an area of rapid evolution (“Open-access
to real-time or near-real time data” section). In the past,
many observatories had a monopoly on data from the
volcanoes they monitored. Observatories restricted dis-
semination of data, at least without substantial latency, for
fear it would be misinterpreted leading to dangerous
mixed messages and/or that others would profit inordin-
ately by networks installed and maintained by observatory
scientists. The alternative to embargoing or delaying re-
lease of data is to rely on the professionalism of the
broader scientific community as noted by the IAVCEI
Subcommittee for Crisis Protocols 1999; IAVCEI Task
Group on Crisis Protocols (2016). Both of these two docu-
ments encourage collaboration among volcano observa-
tories and outside scientists, but they also emphasize the
importance of an observatory having a clear andconsistent “single voice” during a crisis. Delivery of the
same message from multiple observatory scientists and
their civil protection partners is highly effective for con-
sistent communication with the media and the public dur-
ing a crisis. A common aim is to preserve the central
mission behind the observatory concept – to maintain the
voice of scientific authority upon which civil decision
makers can base their actions, while also benefiting from
all available science that is pertinent to understanding the
causes and consequences of volcanism. The broader aca-
demic community is asked to defer to observatories as the
collective scientific public voice during a crisis and to pro-
vide proper attribution for data and interpretations. Scien-
tists will never be perfect in this regard; the temptation to
respond to media questions with one’s own opinion can
be great. Thus, the continued success of an observatory in
maintaining an authoritative voice ultimately relies on its
own credibility and an effective public outreach policy, es-
pecially if monitoring data are openly available. On the
other hand, a closed data policy can lead to “conspiracy
theories”, that the government is “hiding” worrisome in-
formation in order to control the population.
A reciprocal relationship between universities and
observatories also exists. Information acquired by
university-based researchers working independently
from observatories, whether nearby or distant, may be
relevant to the observatory’s hazard warning mission.
Consequently, it is important for academic researchers
to share their data with observatories in a timely
manner. Published papers, academic theses or reports
are useful over the long-term, but in addition, provid-
ing the observatory with near-real-time data and in-
terpretations can be critical during crises. Such
reciprocity encourages collaboration, which in turn
benefits both institutions. Sharing of data with and by
university partners can significantly enhance and even
correct premature or misleading interpretations of
data. For example, although InSAR data are becoming
easier to process, interpretation can be complex, with
atmospheric and topographic effects that can be mis-
taken for signs of volcanic deformation. This can lead
to potentially dangerous misinterpretation, both by
members of the public who may access data via
open-access portals and by non-specialist volcanolo-
gists. Similar statements are also true for many other
types of monitoring data. Consequently, strong part-
nerships and open communication between partner
universities and observatories are critical for effective
research, practice, hazard understanding and hazard
communication (e.g. Sigmundsson et al. 2015).
New technologies that contribute to forecasts
The use of near-real-time multi-gas monitoring
(Aiuppa et al. 2007), in which SO2, H2S and CO2
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mote stations or with aircraft (including drones) en-
ables determination of the relative roles of magmatic
degassing at deep versus shallow levels and the degree
of interaction with hydrothermal systems and ground-
water – factors that can be important in the inter-
pretation and forecasting of potential explosivity
(Edmonds 2008). Satellite remote sensing, especially
using radar has greatly advanced our ability to detect
and assess changes at volcanoes (Pyle et al. 2013;
Biggs et al. 2014) and numerical modeling in combin-
ation with satellite remote sensing and ground-based
LIDAR has resulted in improved ash cloud tracking
as well as determination of mass eruption rate and
concentration of ash (Dacre et al. 2011). Global use
of Interferometric Synthetic Aperture Radar (InSAR)
has provided early warning of volcanic unrest and
magmatic intrusion (e.g., Neri et al. 2009; Dzurisin
et al. 2009; Biggs et al. 2009; Chaussard and Amelung
2012; Lu and Dzurisin 2014), backscattered radar im-
ages from satellites have penetrated cloud cover and,
in combination with in situ data, have contributed
directly to saving thousands of lives during lava-dome
eruptions (Surono et al. 2012; Pallister et al. 2013,
2018). Thermal sensing has enabled eruption detec-
tion, estimation of eruption rates and helped delineate
extent of eruption products (e.g., Wright et al. 2001,
2002), and geostationary weather satellites routinely
detect and track eruption clouds (e.g., Prata 2009).
Over the past decade, drones have recently “come of
age” and have contributed during crises to vent obser-
vations, digital elevation modeling and gas monitoring
(e.g., Astuti et al. 2008; McGonigle et al. 2008; Shino-
hara 2013; Turner et al. 2017; Rüdiger et al. 2018). In
spite of these advances, remote sensing was not a
major topic of discussion during the VOBP workshops
to date. We suggest that the subject is ripe as a topic
for a future VOBP meeting (“New technological de-
velopments for monitoring and forecasting” section).Best practice recommendations – a guide to improved
forecasting
1. At least minimal monitoring of all potentially
hazardous volcanoes is needed to identify volcanic
unrest, establish backgrounds and thresholds and
enable useful forecasts of eruptions. Prioritization of
monitoring according to a ranking of threat or risk
(Ewert 2007; Ewert et al. 2018; Brown et al. 2015) is
recommended. Expanded and multi-parameter
monitoring, is also recommended as it reduces un-
certainties and improves forecasts. For reference
and comparison, definition of levels of monitoring(as considered appropriate for the U.S.) are reported
in Moran et al. (2008).
2. Most eruptions involve complex natural processes
that are difficult to forecast with certainty.
Consequently, it is recommended that observatories
use probabilistic methods in their forecasts and
communicate in appropriate ways their inherent
uncertainties.
3. Improved forecasts are achieved through sharing of
data and experiences among observatories, and by
comparative studies of volcanoes and eruption
sequences. It is recommended that databases of
volcanic unrest adopt common standards and strive
to be compatible with each other, so as to enable
efficient searches and a consistent basis for
comparison. It is further recommended that a
priority of volcano observatories should be to make
regular contributions to open-access databases.
4. Improvements in forecasting may be achieved
through research into underlying magmatic
processes on intensely instrumented “laboratory
volcanoes,” leading to development of theoretical
and conceptual models that aid in interpretation of
monitoring data.
5. Roles and responsibilities of observatories for the
use of forecasts in mitigating risk should be clearly
defined and consistent with national policy. Clear
roles and responsibilities of each partner of the
decision-making chain are critical for effective risk
mitigation.
6. Universities are natural partners for volcano
observatories, and can potentially provide additional
scientific expertise, personnel who can assist in a
crisis, and neighboring universities provide an
important avenue for regional educational benefit
and community outreach. In order to facilitate
partnerships, it is important for observatories and
their university partners to recognize their distinct
job responsibilities and to work out roles,
responsibilities, and accommodations in advance of
eruptions. To avoid potentially dangerous mixed
messages, the responsibility for communication of
hazards to emergency managers and the public
remains with the responsible observatory (see
VOBP2 section).
During times of crisis, observatories can benefit from
each of these recommendations, as illustrated in Fig. 5.
VOBP2: communication of volcanic hazards, 2–6
November 2013
Eighty-three participants representing volcano observa-
tories and partner organizations from 26 nations partici-
pated in VOBP2 in Erice, Italy (Fig. 6; Additional file 1).
Fig. 5 Flow chart illustrating a common progression of processes triggered by a volcanic crisis and leading to decisions that mitigate risk, and
illustrating how VOBP1 recommendations on near-term forecasting contribute to these processes. This flowchart shows how a volcanic crisis triggers
the analysis of monitoring data, local volcanic history, analogues from global databases and long-term hazard assessment information (see “VOBP2:
communication of volcanic hazards, 2 - 6 November 2013” section of this paper). These analytical processes are incorporated into a major outcome (a
probabilistic forecast), which is typically linked to issuance of an alert and/or warning by the observatory or civil protection agency, depending on
national/societal role (as determined through protocols). Alerts typically provide situational awareness to partners involved in civil protection and
mitigation. Analysis of vulnerability and risk, along with the forecast determines public decisions to mitigate risk, such as evacuations
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tories is communication of hazard information on vari-
ous time scales to decision-makers and, in many
countries, to the media and public. Effective communi-
cation depends on clear distinctions of roles and respon-
sibilities of observatories in relation to civil authoritiesFig. 6 Participants in the VOBP2 workshop on hazard communication in Erand the broader scientific community, and on the prior
definition and practice of efficient procedures for com-
munication and risk mitigation in times of crisis. Effect-
ive communication of volcano hazards information is
also key to establishing trust and credibility for the ob-
servatory in the eyes of civil authorities and the public.ice, Italy
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crises is growing in importance (Fearnley et al. 2018a, b).
This reflects both an increase in risk as a consequence of
greater societal exposure, and a growing demand for re-
sponsibility and cooperation in societies due to complex re-
lationships among multiple actors with complementary
roles. Clear, prompt, and efficient communication between
responsible parties is critical to increase the effectiveness of
the societal response to a crisis. In addition, the quality of
communication between scientists, decision makers and
the public during a crisis is not independent from the spe-
cific cultural and societal setting, even within a single na-
tion (Andreastuti et al. 2017). Consequently, there is not
one unique or best communication strategy that holds in
all countries, especially considering the wide variability of
societal settings in countries with active volcanoes.
Nonetheless, many observatory scientists agree that
there is a need for an authoritative international reference
and recommendations, such as those presented here, to
help identify critical issues and guide development of haz-
ard communication methods, while also respecting the
realities and constraints regarding volcano hazard com-
munication in different countries. Further, there is a broad
consensus that working relationships among observator-
ies, civil authorities and communities during “peacetime”
between crises enhances trusting and effective communi-
cation during crises. The need for an international refer-
ence concerning these factors was recognized as an urgent
priority for future work by participants at VOBP1 in 2011,
and consequently Communication of Volcanic Hazards be-
came the focus of the second international Volcano Obser-
vatory Best Practices Workshop (VOBP2).Observatories play a central role in managing scientific
aspects of volcanic crises, seeking consensus and
speaking with one voice
Most observatories exist to produce evidence-based, sci-
entific information and forecasts with associated uncer-
tainties in a comprehensible format, i.e., actionable
scientific advice. In most nations, it is not the volcano
observatory that orders and enforces a civil action such
as an evacuation, rather, it is civil law enforcement agen-
cies and/or the military. Yet, in some cases the lines of
responsibility become blurred. Civil or military author-
ities are expected to factor in broad logistical, economic,
and sociological constraints in deciding on a major miti-
gation actions, weighing for example, the risks of evacu-
ation against the risks of not evacuating. Volcanic
forecasts, expressed as probabilities, are in the form ne-
cessary for these types of cost/benefit analyses and can
aid in such decision making. Consequently, it is desirable
and recommended that forecasts be expressed as prob-
abilities (Marzocchi and Woo 2007; Papale 2017), eitherin quantitative or qualitative terms depending on the de-
sires and capabilities of the audience (“Probabilistic
forecasting...” section).
Alert (or threat) levels are widely regarded as an effi-
cient means of communicating levels of unrest and in
some cases desired civic responses, and consequently
they are widely used by governments world-wide. When
linked to probabilistic and uncertainty analysis, alert
levels have the advantage of a simplified message that is
less subject to the moral and emotional dilemmas posed
by requiring those at-risk to independently analyze the
associated uncertainties (Merlhiot et al. 2018). Before re-
leasing alerts, warnings or forecasts, observatory
leader(s) and their civil protection partners should seek
the best possible knowledge and a consensus about the
situation among discipline experts, ensure that data and
rationale for decisions are documented, and speak with a
single/common voice. However, in crisis situations con-
sensus must be achieved quickly. Rapid consensus is fa-
cilitated by preparation and practice of communication
and collaboration procedures in advance of crises.
For rapid and accurate information dissemination,
observatories should convey hazard information in stan-
dardized formats and use direct modes of communica-
tion (e.g., public webpages, e.g., with front page alerts
and warnings, social media, and automated messaging).
Common formats used by many observatories include
color-coded alert or status messages via web pages and
in some cases by social media. Some observatories also
issue public information bulletins to provide context or
updates that do not require a change in alert level. In-
creasingly, observatories are using automated messaging
systems for distribution of hazard information to key
stakeholders; such systems are important especially in
times of crisis to rapidly and simultaneously alert the
many different entities who are part of a crisis-response
community. In addition, many observatories engage in
active hazard education and outreach programs, to help
maintain awareness of hazards and where authorized, to
engage with civil protection partners in socialization
programs that prepare communities to respond appro-
priately to crises and thereby increase resilience. There
is increasing recognition that communication by volcano
observatories needs to suit a wide audience including
those overseas for transboundary hazards. For example,
special reports issued jointly by the Icelandic Met Office
and Civil Protection in Iceland before and during erup-
tions now include a series of scenarios to enable plan-
ning by a wide variety of users in Iceland and in Europe.
Volcanic alert levels (VALs)
Volcanic Alert Levels (VALS) were considered during
both VOBP1 and VOBP3. Because they are fundamen-
tally a communication method, they are discussed here.
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levels (usually three to five, but they can be more), which
are sometimes also used to define when (and what)
actions aimed at public safety should be put in place
(Additional file 3). There is wide agreement that VALS
provide a simple and valuable hazard communication
method and they are used by most of the world’s obser-
vatories and/or their civil protection partners to alert the
population to potential volcanic hazards. While there is
wide agreement as to the value of VALs as communica-
tion tools, there is debate within the observatory com-
munity regarding who should be responsible for issuing
them. Papale (2017) argues that their issuance by obser-
vatories may: i) imply predictive capabilities not sup-
ported by corresponding levels of confidence in the
knowledge of the volcano, and ii) impose on the volcano
scientist responsibility for decisions that may exceed his
or her expertise and societal mandate. The first point is
related to the degree of certainty that is implicit in some
VAL language and to the discretization of what may be a
continuous probability distribution. The second point
relates to the discretized nature of VALs, implying, ei-
ther implicitly or explicitly, an immediate link with ac-
tions aimed at mitigating risk. That link extends the role
of volcano observatories beyond the typically limited
range of expertise available to them (i.e., most are scien-
tific and technical organizations that lack social-science
and other required expertise), and in some countries, be-
yond the limits of their political mandate. The observa-
tories represented at the VOBP workshops acknowledge
these potential problems, and consequently, they work
in close partnership with civil protection and political of-
ficials to develop site-specific protocols for VAL issuance
and implementation. Currently, the majority of observa-
tories represented at the VOBP workshops are respon-
sible for issuing VALs; in other cases, their civil
protection partners issue the alerts based on a range of
information, in addition to the scientific information
from the observatory (Additional file 3).
Open-access to real-time or near-real time data
A special case of communication that is increasingly
under discussion involves the release of real-time (or
near-real-time) geophysical data. In the past, most obser-
vatories kept these data internal. This allowed time for
the interpretation needed make the data meaningful to
the public. Also, as the sole source of data, the observa-
tory was able to speak from a position of authority about
the volcano and prevent potential misinterpretation of
the data by others. However, new government policies
and societal forces in some countries are now requiring
open-access to monitoring data, and a number of me-
teorological and tectonic-seismological agencies have
adopted open-data policies.While some national governments require open-access
to data relevant to public health, safety, and prosperity,
the range in data policies now in effect among observator-
ies is from almost total openness to near-complete ab-
sence of real-time data-access. This is an area of change,
and many in the natural hazards community recommend
accepting that open-access to data is inevitable and should
be embraced. Several observatories that are releasing
real-time or near-real-time data report that the conse-
quences of an informed public outweigh the risks, espe-
cially when open-access is coupled with a strong
observatory-based public communication program (e.g.,
the MAGMA website and twitter application (https://
magma.vsi.esdm.go.id/; https://twitter.com/id_magma). In
effect, open-access to data requires a strong program of
public outreach and education by the observatory – a
function that also enhances trust between at-risk commu-
nities and the observatory.
Regardless of official data policy, a monopoly on moni-
toring data is diminishing as observatories come to rely
on data from outside sources, such as from satellites and
from ground networks operated by others. Indeed, inter-
national organizations such as the Global Earth Obser-
vation System of Systems (GEOSS) and regional funding
agencies such as the European Commission are pushing
for open-access to real-time monitoring data of all kinds.
As applied to volcanoes, an argument has been made
that observatories cannot expect special access to radar
satellite data, which is normally sold commercially, if
they are unwilling to share data from their own
ground-based systems. It is not so much that space
agencies or space corporations are interested in the in
situ data itself, although they may be for purposes of
calibration and verification, but rather in the principle of
open sharing of real-time observations of public interest,
as is now done routinely in some nations for seismic
data from tectonic networks.
The release of certain types of data, e.g., Real-time
Seismic Amplitude Measurement (RSAM; Endo and
Murray 1991) plots, seismograms and web-cam imagery,
if coupled with near-real-time interpretation and a
strong and persistent media presence, is a means to
maintain the observatory as the predominant and au-
thoritative source for information. The challenge is that
certain other types of data (e.g., InSAR images, raw gas
measurements, and some types of seismic data) are par-
ticularly subject to misinterpretation and potentially to
false alarms. Consequently, open-access imposes a
time-pressure on the observatory to interpret monitor-
ing data in as rapid a manner as possible, while also
maintaining quality of interpretation. Yet during crises,
not all observatories have the capacity to maintain ef-
fective near-term forecasting, while also responding to
the many public inquiries and to misinterpretations by
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to real-time raw data.
There is currently no “one size fits all” answer to the
question of open-access to real-time, or near-real-time,
volcano-monitoring data. Consequently, we recommend
that observatories provide open-access to data that does
not require extensive interpretations (e.g., RSAM graph-
ics and web-cam images), and strive to provide access to
other data that require more extensive interpretation in
as rapid a manner as possible. We note that an authori-
tative voice is achieved both because of governmental
authority and because observatories that practice
open-access generally also practice strong public out-
reach, education, and communication programs. In ef-
fect, they establish authority by being “out in-front” in
terms of communication with communities at risk.Social media and citizen science
A revolution that has occurred over the last decade is
the explosive growth of social media. In some recent
natural disasters, government response agencies have
found themselves very much behind the public in gath-
ering and disseminating observations. Some observator-
ies have introduced use of Facebook, Twitter, WhatsApp
and other social-media applications to keep the public
informed. In turn, website interfaces can allow the citi-
zenry to report observations, and social media can be
mined for citizen reports. Unfortunately, there is also
the potential for false and even dangerous reports that
can emerge on social media from non-observatory
sources during volcanic crises, and as with open-access
to data, observatories must be vigilant to detect and cor-
rect potentially dangerous misinformation that arises via
social media.
The use of citizen scientists in observing and reporting
data is most advanced for tectonic earthquakes. It can be
further exploited by volcano observatories for reporting
ashfalls, gas, incandescence, and other volcanic phenom-
ena, and some observatories and volcano databases are
already taking advantage of these opportunities (e.g.,
Stone et al. 2015; Sennert et al. 2015). And even without
social media, local populations can serve both as citizen
scientists and as effective local community leaders in
risk mitigation. This is demonstrated by the vigías of
Tungurahua, Ecuador, who use VHF radios to communi-
cate their observations to the population at risk and to
the Instituto Geofisico. They increase community aware-
ness and preparedness and serve as an early-warning
system for civil protection (Stone et al. 2015). Although
not a major topic during VOBP2, we anticipate that fu-
ture VOBP meetings may devote considerably more time
to the subject of social media and citizen science
(“Volcano observatories and the media” section).Communication of uncertainty
A central theme of VOBP1 and VOBP3 was in acknow-
ledging the inherent uncertainty in eruption forecasting
and the consequent need for forecasts to be probabilistic
in nature (“Probabilistic forecasting...” and “Essential
components...” sections). However, the communication
of uncertainty can be challenging. The scientific concept
of uncertainty may be different from the understanding
of stakeholders. Uncertainty to a “layperson” implies that
one cannot say with confidence that a particular out-
come will or will not happen; uncertainty to a scientist
means that a more- or less-quantifiable range of out-
comes are possible. Neither is wrong, per se, but they
highlight the need for “translation” of technical or math-
ematical expressions of uncertainty and building a com-
mon language between scientists and stakeholders to
avoid misconceptions and misinterpretations. Use of sce-
narios and explaining probabilities and their associated
uncertainties in relative terms can be useful. Again, this
is an area in which communications between observa-
tory scientists and mitigation decision-makers during
the “peacetime” between crisis can avoid misunderstand-
ings during crises.
In addition to the issue of understanding of the defin-
ition of uncertainty, too much emphasis on the uncer-
tainty of forecasts can undermine credibility (Merlhiot
et al. 2018), yet too little emphasis can lead to overconfi-
dence and over-reaction by civil authorities, which in
turn can result in a loss of credibility. Among the many
lessons learned after the L’Aquila earthquake that struck
central Italy in 2009 is the importance of including even
very low-probability events in communications (Jordan
2013; Cocco et al. 2015) and the need for standards of
practice (Bretton et al. 2015, 2018a, b). Following estab-
lished and well-documented communication procedures
is simply good-practice, critical for observatories to
maintain credibility, and can serve as a legal basis for
demonstrating that the institution has operated within
the scope of its authority. Such procedures should be
formulated with consideration of factors such as how
the observatory will communicate uncertainty and
reporting of low-probability but high-impact events.
Relationships between communication and responsibility,
and the importance of constant communication between
observatories and civil authorities
There is a clear consensus on the concept that commu-
nication and responsibility are closely related: with re-
gard to societal risk, each involved group communicates
what it is responsible for; or said the other way round,
the content of the communications defines the responsi-
bility of the communicating party. As already noted, the
responsibilities assigned to volcano observatories change
from one country to another, according to local culture,
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the content of communications by volcano observatories
varies. In some countries the authority responsible for
mitigation decisions that have a major impact on the so-
ciety, is different from the volcano observatory. In such
countries, communications by volcano observatories
should not include statements on actions like access
closure, interruption of social or commercial activities,
etc., which do not form part of their responsibilities.
These observatories, instead contribute to reaching
those decisions with their forecasts representing their
expert advice on the volcano state and its possible evolu-
tions. This is not the case in other countries in which
observatory VALs are issued that in addition to informa-
tion on the state of the volcano, also include mitigation
advice (Additional file 3). In these countries there is a
shared responsibility between the observatory and those
responsible for decisions related to mitigation actions.
Observatories and emergency managers are partners
in the mitigation of risk. Observatories work with emer-
gency managers in advance of crises to develop response
and contingency plans that stipulate roles, responsibil-
ities and authorities of both parties, defining what is re-
quired of each party, according to their know-how and
societal mandates and in order for the society to benefit
from best practices and established protocols in reaching
decisions. The primary goal of a constant communica-
tion practice between volcano observatories and stake-
holders is to ensure that the conveyed messages are
correctly received, especially in times of crisis when de-
lays or misunderstandings can have disastrous conse-
quences. Equally relevant is for volcano observatories to
understand what knowledge stakeholders need most, so
to ensure that messages are tailored to the most relevant
and most urgent needs. Developing a common language
and mutual understanding, e.g. between volcano scien-
tists and political decision makers, is also of paramount
relevance to maximize efficiency and effectiveness of
communications in times of crisis. Building up such rela-
tionships and mutual understanding requires time and
effort, which is more than repaid by the positive effects
on the interests of all parties.
There is also agreement that personal investment by
local communities in response and mitigation planning
is critical, both to ensure effective near-term crisis re-
sponse and to reduce risk as a consequence of long-term
hazard assessment. In spite of this agreement, there is
frustration in many nations concerning a lack of com-
mitment by communities and governments with respect
to land-use and environmental planning; especially in re-
gions of great population pressure and high risk toler-
ance. However, there is agreement concerning the
importance of perseverance and the resulting incremen-
tal gains that can be achieved.Although major volcanic eruptions can cause
large-scale disasters, in any one locale they may be rare,
spaced out over intervals of generations or even many
lifetimes. In these situations, a continuous educational
process for decision makers and the public is especially
important so they are able to understand and respond to
warnings. Places on Earth that are now well-populated
may not have had a local eruption during recent history
and in such places it is likely that there has been no
learning by experience, increasing the vulnerability of
the population and the importance of learning through
simulated events. For example, the need for continuous
education on volcanic hazards is important in the Pacific
Northwest of the U.S., where eruptions are rare, but
populations in some hazard zones are large. Here, bi-
national exchanges (Mangan et al. 2016; Driedger et al.
2018) have provided a means for officials and communi-
ties who have experienced volcanic disasters (e.g., in
Colombia and Chile) to pass along their experiences and
to illuminate the potential hazard to those at risk in com-
munities in the U.S. that have experienced rapid growth
near long-dormant, but potentially hazardous volcanoes.
The following guidelines can help prevent outcomes in
which late, misdirected, or misunderstood warnings have
resulted in needless fatalities: (1) Planning for a crisis
must take place during a calm period (“peacetime”). It is
difficult, if not impossible, to play “catch-up” when a cri-
sis is underway and the press of events prevents full and
careful discussion and organization among multiple
partners who do not already know and trust one an-
other. Because observatories are the source of deep,
long-term institutional knowledge of the volcanoes and
volcanic hazards in their area of responsibility, this insti-
tutional knowledge should be used to promote aware-
ness, preparation, and coordination in peacetime. This
can be accomplished through a range of education, out-
reach and practice of crisis management with partners,
such as through table-top exercises involving the many
stakeholders and partners involved in crisis manage-
ment. (2) Planning for a crisis should entail identifying
roles and responsibilities and points of contact for each
entity. The universal observatory role is to provide a sin-
gle, clear voice of scientific authority based upon com-
prehensive analysis and objective consideration of all
available data. (3) Critical communications should be
designed to pass essential information in an under-
standable and standardized format by the most direct
(fastest) route. Two-way communication is important
to ensure that information is understood and appro-
priate actions are taken at both ends. (4) Both re-
sponse and recovery actions should be identified and
discussed. (5) Ideally, a response plan should be writ-
ten and updated at regular intervals by a standing
working group.
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top” to full-scale enactment may be carried out regularly
to identify problems and to remind people of their ap-
propriate actions. Repetition is important, not just be-
cause of the human tendency to forget but also because
there is often high turnover of personnel in many
non-scientific organizations, for example, in the military,
local governments and embassies. Exercises also serve to
foster communication from decision makers to observa-
tories about critical infrastructure, which may require in-
creased efforts to be included in forecasts as well as to
jointly identify secondary impacts (e.g., loss of power,
spillage of fuels, loss of transportation links, and pollu-
tion of water supplies, etc.). In addition, such exercises
benefit from consideration of cascading hazards and
long-term effects of eruptions (e.g., rainfall-induced la-
hars, which can persist for decades after large eruptions).
Such exercises are an effective means to facilitate the
constant engagement between observatories and civil au-
thorities that is considered essential for effective mitiga-
tion of risk during future volcanic crises.
Community-level communication – the role of observatories
It is widely recognized that Disaster Risk Reduction
(DRR) can only be achieved if the population at risk is
aware of the hazard and knows how to respond in a cri-
sis. This is best achieved if governments and communi-
ties work together to reduce vulnerability (Paton et al.
2008; Andreastuti et al. 2017). A wide range of actors
play a role in DRR at the community level (observator-
ies, civil protection officials, community leaders, mem-
bers of the media, non-governmental organizations, law
enforcement officials, etc.). Virtually all observatories
play a role in community education by providing infor-
mation about the nature and extent of volcanic hazards;
i.e., in communicating their long-term hazard assess-
ments and zonation maps in ways that are appropriate
to the particular community audiences. This is done
both passively through publication and web-site-based
content, and actively through in-person education pro-
grams and social media. In addition, all observatories
contribute hazard information to civil protection and
public officials who are responsible for mitigation of risk.
Where authorized to do so, observatories go farther,
working closely with civil protection and local commu-
nities to design and implement volcanic-emergency re-
sponse or contingency plans and to contribute to, or
co-lead, emergency response exercises, Many lessons
have been learned from volcanic crisis simulation exer-
cises, e.g., the MESIMEX simulation at Vesuvius in 2006
(Ricci et al. 2013), the Campi Flegrei simulation exercise
in 2014 (Papale et al. 2014), and many others throughout
the world. It is clear that the lessons of Nevado del Ruiz
(Voight 1990) have not been forgotten; a major VOBPrecommendation is that observatories continue to com-
municate volcanic hazard information and to work in
partnership with other officials to reduce communities’
vulnerability to volcanic hazards.
Timely and effective communications in support of
aviation safety
The growing impacts of volcanic activity on aviation in-
crease the importance of rapid notification of volcanic
ash-producing eruptions by observatories and volcano
observatories now play a more active role in aviation
safety at local to international levels. For example, the
international civil aviation community has requested
rapid warnings of ash plumes as a new goal for Volcano
Observatory Notice to Aviation (VONA) alerts. In
addition to reporting on ash-producing eruptions, obser-
vatories and their partners now also use satellite data to
detect explosive eruptions, track ash-clouds and forecast
ashfall (Prata 2009; Pyle et al. 2013). Responding to inci-
dents in the 1980s and 1990s when several passenger jet
aircraft lost all power during encounters with ash clouds,
volcano observatories, meteorological agencies and avi-
ation sector partners evaluated the causes of these
near-disasters and proposed mitigation strategies
(Casadevall 1994). One of the results was the creation of
a network of Volcanic Ash Advisory Centers (VAACs) in
the 1990s specifically to monitor volcanic ash clouds
and provide warnings to pilots and airlines. This net-
work, now consisting of 9 VAACs and not directly tied
to volcano observatories, was established under the au-
thority of the International Civil Aviation Organization
(ICAO), an agency of the United Nations that develops
policy and protocols for international aviation through
participation of aviation agencies of member states.
Each VAAC is operated as an office of the weather
agency for the country in which it resides. VAACs con-
duct satellite surveillance of volcanoes and acquire
eruption and ash cloud reports from pilots and volcano
observatories. Based upon this information, which
ideally includes information about eruption characteris-
tics and parameters from the relevant volcano observa-
tories, VAACs issue forecasts for ash-cloud distribution
in space and time. Aviation agencies and airlines then
use this information for flight planning, which may in-
clude diverting or cancelling flights in the case of signifi-
cant ash eruptions. In order for the VAACs to be
prepared to rapidly issue ash-cloud warnings, a formal
message format called the Volcano Observatory Notice
to Aviation (VONA) was developed and adopted by
ICAO as the message protocol for volcano observatories
to use in communicating with VAACs and the aviation
sector at large. Through these notifications, volcano ob-
servatories are empowered to issue color-coded alert no-
tifications for volcanic activity, along with any available
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VONAs, some volcano observatories also conduct
ash-cloud dispersion and deposition models and they
conduct field and laboratory studies to evaluate the haz-
ards of ashfall, and to validate models. Along with other
stakeholders, they provide forecasts and related informa-
tion to the VAACs. Strong relationships between obser-
vatories, regional VAACs and national meteorological
agencies are mutually beneficial, as reports from the me-
teorological agency to the observatory can help with vol-
canic hazard analysis. (e.g., reports on ash plume heights
and distribution based on ground-based and satellite
weather radar data).
In April 2010, an eruption began at Eyjafjallajökull vol-
cano, in Iceland, that eventually cost the European econ-
omy about 5 billion Euros (Ragona et al. 2011). The
eruption was only moderately explosive, but it was
long-lived and at a time when the ash was carried to-
wards Europe by a stable weather pattern. The protocol
for jet aviation at the time was to avoid operations in
ash-contaminated airspace, and most flights in European
air space were canceled for several days. At the center of
this crisis were the London VAAC and the Iceland Me-
teorological Office, Iceland’s volcano observatory. This
event emphasized that volcanic-ash eruptions are an
international problem, and present a threat not only to
individual aircraft and their passengers, but also to the
aviation industry and national economies. As a result,
ICAO set up an International Volcanic Ash Task Force
(IVATF) to make recommendations for mitigating ash
risk to aircraft and managing this type of crisis. IVATF’s
deliberations include recommendations for volcano ob-
servatories on the monitoring of volcanoes and the tim-
ing and content of eruption reports (VONAs) to
VAACs. It is important therefore, that volcano observa-
tories understand their responsibilities in regards to avi-
ation safety in order to properly engage the domestic
and international aviation community. Any major ash
eruption can be expected to have multi-national impacts
to aviation. A critical role for observatories is to rapidly
communicate eruption information to the aviation com-
munity through the use of VONAs.
Communications among observatories and with
university partners
As noted in the introduction to this paper, the synergy
that results from sharing of data and expertise between
observatories and between universities and observatories
is of great value. This is true both in terms of database
contributions (“Probabilistic and deterministic aspects of
databases” section) and in terms of personnel exchange
and training. Because the frequency, magnitude, and
style of eruptions and their impacts varies widely from
place to place, the experience and expertise ofobservatory staff also varies widely. In addition to shar-
ing of data and experience through international science
meetings, VOBP workshops and regional or inter-
national workshops and training programs provide a
means for more in-depth sharing of applied aspects of
observatory operations and crisis management. Exam-
ples include workshops and training programs hosted by
LAVAS (McCausland et al. 2014), CSAV (Thomas and
Bevins 2015), NOVAC (Galle et al. 2010), the IAVCEI
Hazard Mapping Working Group (Calder et al. 2017),
La Asociación Latinoamericana de Volcanología (ALVO;
https://vhub.org/groups/alvo) and others. Exchanges of
staff between observatories and between observatories
and university partners can also aid in the exchange of
knowledge and technology, as has been demonstrated
widely, examples include regional cooperation in crisis
response and monitoring infrastructure development
projects between observatories in Latin America and im-
proved lava flow modeling techniques acquired through
exchange visits of Hawaiian Volcano Observatory scien-
tists and lava-flow modeling experts at INGV facilities in
Rome, Pisa, and Catania.
Summary of VOBP2 best practice recommendations
VOBP2 participants agreed to best practice recommen-
dations that: i) emphasize the central role of observator-
ies in the management of the scientific aspects of
volcanic crises while seeking consensus among different
experts, ii) stress the role of uncertainties and the use of
probabilities in hazard forecasts and associated commu-
nications, iii) emphasize the need for long-standing rela-
tionships with civil authorities in order to build
reciprocal understanding, trust, and credibility, and
iv) clearly define roles and responsibilities and to
continuously improve the effectiveness of communi-
cation. The following specific recommendations were
made:
1. To guarantee objectiveness in their evaluations and
before releasing alerts, warnings, or forecasts,
observatory leader(s) seek the best possible
knowledge and a consensus about the situation
among discipline experts, ensure that data and
rationale for decisions are documented and
available for scrutiny, and speak with a single/
common voice. In crisis situations consensus must
be achieved quickly. Rapid consensus is facilitated
by preparation and practice of procedures in
advance of crises.
2. For rapid and accurate information dissemination,
observatories convey hazard information in
standardized formats, use probabilistic analyses
(“Probabilistic forecasting...” section) and use direct
modes of communication (e.g., public webpages
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and automated messaging). International formats
have been adopted for Volcano Observatory
Notifications to Aviation (VONAs) and provide a
good example of the value of standardization,
especially for ash hazards, which cross international
borders.
3. To maximize the use of hazard forecasts from
volcano observatories for risk mitigation purposes
(e.g., via evacuations, re-routing air traffic, etc.), ob-
servatories should communicate directly and regu-
larly with mitigation authorities (e.g., emergency
management and civil defense agencies, police and
military, VAAC’s, aviation authorities) at all appro-
priate levels (national to local). Further, observator-
ies should continue to communicate with
communities to reduce vulnerability to volcanic dis-
aster. To build up a common language and under-
standing and to establish trust and credibility,
observatories engage with stakeholders (from civil
authorities to the general public) at all phases of the
emergency cycle; ensure constant flow of informa-
tion; continuously evaluate and improve effective-
ness of communication strategies; and
communicate messages tailored to the specific
stakeholders, keeping such messages meaningful. A
number of sources for improving public communi-
cation of technical information are available in the
social science literature, as well as from scientific
organizations (e.g., https://sharingscience.agu.org/
jargon-and-how-to-avoid-it/).
4. Sharing of data and expertise, and participation in
regional and international workshops and training
programs is recommended, as it enhances
observatory capabilities.
5. For communities that have not experienced an
eruption, but that are exposed to a significant threat
from a long-dormant volcano, observatories would
be well served to conduct periodic hazard-
awareness and crisis response education programs
with their civil protection partners, to increase
community resilience. Given limited resources, it is
important to prioritize such preparedness work ac-
cording to level of threat.
6. Finally, there is a need to clearly identify the roles
and responsibilities of observatory scientists and
civil protection decision-makers with respect to
mitigation actions. In some nations, the former are
restricted to expressing their understanding of the
uncertainties involved in hazard forecasts and pos-
sible scenarios, and the latter make decisions taking
into account the inherent uncertainty involved in
forecasting eruptive behavior, as well as other prac-
tical, social and political factors. In other nations,observatory scientists play a more direct role in
assisting civil protection authorities with risk miti-
gation decisions. Because of the close relationship
between communication and responsibility, the ob-
servatory should carefully construct its communica-
tions to be consistent with its responsibilities.
A flow chart illustrates how these recommendations
come into play during communication of hazard alerts
and forecasts (Fig. 7).
Emerging issues and topics for future VOBP
workshops
There is a long list of emerging issues and topics that
are appropriate for future VOBP workshops. Here we list
a few examples.
Mitigation of volcanic vulnerability and risk through long-
term hazard assessment
The subject of VOBP3 was long-term hazard assess-
ment, not specifically vulnerability and risk assessment,
although these subjects are intimately related. In terms
of the limited history of volcano observatory engage-
ment in risk mapping, the first use of conditional prob-
abilities in the construction of volcanic risk zones we
know of was the work by Chris Newhall at Mount St.
Helens shortly after the 1980 eruption (Newhall 1982).
Roberto Scandone’s map of volcanic risk related to ex-
plosive and effusive volcanic phenomena and eruptive
vents at Vesuvius was the first we know of to take into
account societal risk on a full population basis (Scan-
done et al. 1993). Communicating conditional probabil-
ities and related risk maps to non-specialists can be a
challenge, especially where low probabilities (<< 1%) are
involved. However, at Mount St. Helens in 1980, a risk
ladder, which compared volcanic risks to those of more
common activities, proved to be an effective way to
communicate such low probabilities and resulted in a
decision to harvest downed-trees in part of the 1980
blast zone (Newhall and Pallister 2015). It is also the
case that certain emergency management and political
officials are familiar with probabilistic risk assessment
and they need quantitative probabilistic analysis of risk.
There are wide differences in responsibility and
mandate regarding work by observatories on the evalu-
ation of vulnerability and risk, yet, there is wide agree-
ment with respect to the value and need for such
evaluations, especially with respect to affecting changes
in human behavior and in motivating political action,
whether related to decisions to evacuate, land-use re-
strictions, or return to areas previously devastated. Al-
though many observatories have legal responsibilities for
volcano hazard warning, during VOBP3 it was empha-
sized that courts’ and politicians’ decisions rarely reflect
Fig. 7 Flow chart illustrating how best practices recommendations of VOBP3 contribute to effective hazard communication. The starting point (a
requirement for hazard alerts, warnings, forecasts) assumes that protocols are pre-established for the roles of the observatory and other entities
involved in civil protection. Flow chart symbols as in Fig. 3
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abilities, vulnerability and risk. It was further noted that
a scientist’s view of what is needed in a hazard assess-
ment or hazard map can be quite different from the
needs of the public and public officials. Consequently,
observatory scientists need to take into account the so-
cial and cultural context of hazard assessments and work
with communities and other partners to understand how
the volcano hazard fits into their risk tolerance (Cronin
et al. 2004; Solidum and Duran-Alegre 2011; Andreastuti
et al. 2015).
The degree to which observatories currently contrib-
ute directly to assessing vulnerability and risk assess-
ment varies considerably depending on mandate. For
example, in some nations (e.g., Japan), hazard zonation
maps and posters already include specific recommenda-
tions or instructions regarding routes and facilities to
use during evacuations, as well as other information
about mitigation. These products are prepared by or in
partnership with emergency managers and communities.
Indonesia has long used a standard 3-part zonation in
their hazard maps, and in some cases, the Indonesian
government has linked the mapped hazard zones dir-
ectly to mitigation actions, such as the definition of the
highest hazard zone as a “forbidden zone” by the gov-
ernment at Merapi volcano (Thouret et al. 2000). How-
ever, in other nations, such as Italy, responsibility for
risk analysis lies outside of the volcano observatory insti-
tution (Papale 2017).
In addition to risk to human life and state of health,
there is also the subject of risk to infrastructure and the
economy. Currently, the Global Earthquake Modelgroup is working in partnership with the Colombian
Geological Service (SGC) and the Philippine Institute of
Volcanology and Seismology (PHIVOLCS) and other
members of the Global Volcano Model network to en-
hance available exposure data for both volcanoes and
earthquakes and to enhance resources for calculation of
risk to particular hazards.
The potential future role of observatories in vulner-
ability and risk assessment, either directly, or indirectly
through partnerships, is a potential topic for a future
VOBP meeting.
Volcano observatories and the media
Although VOBP2 was on communication of hazards,
much of the discussion and recommendations focused on
the roles and responsibilities of observatories with respect
to hazard alerts and warnings, with relatively little atten-
tion devoted to communication with the media. Yet col-
lectively, observatories have amassed extensive experience
over the past decades in public communication and use of
social media. Examples include: strategies used by the
USGS in dealing with extensive media coverage of the
2004 eruption of Mount St. Helens and the 2018 eruption
of Kilauea, to the implementation of smart-phone technol-
ogy to provide customized evacuation routes to the public
during the eruptions of Cotopaxi in 2015 (by Instituto
Geofisico and partners in Ecuador), to CVGHM’s
smart-phone enabled national volcanic alerting and infor-
mation system (MAGMA, https://magma.vsi.esdm.go.id/)
in Indonesia. Many observatories now have Facebook and
Twitter pages and are increasingly using public reporting
and direct communication for both real-time monitoring
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cano observatories and the media is ripe for a discussion
at a future VOBP meeting.
Volcano observatory crisis operations
Collectively, the world’s volcano observatories have extensive
experience in crisis operations, yet with the exception of
sharing of experiences at international scientific meetings,
there is only limited direct sharing of crisis-response strategy
and lessons-learned between observatories. In addition,
some observatories have frequent eruptions and crisis ex-
perience, whereas, others may only have to deal with a dan-
gerous eruption once a decade. Lessons learned about crisis
operations range from strategies to maintain an authoritative
single observatory voice, to the importance of a Public Infor-
mation Office (PIO) and Incident Command System (ICS;
https://training.fema.gov/emiweb/is/icsresource/assets/Table 1 Abbreviated versions of VOBP recommendations. See text f
Long-term volcanic hazard assessment (VOBP3; “VOBP3: long-term volcanic h
1. Geologic information, model results, analogous eruptions are foundatio
2. Statistical models aid hazard mapping; complex numerical models infor
3. Global databases inform and validate long- and near-term assessments
4. Next-generation hazard assessments are portfolios of products tailored
5. Conceptual models aid in hazard assessment
6. Event trees are logical probabilistic frameworks that aid in hazard analy
7. All scenarios are important to emergency managers (even those with lo
important
8. Hazard mitigation requires guidance from stakeholders and relationship
observatories in mitigation
9. Communicating probabilities requires a practice of dialogue and mutua
10. Long-term hazard assessments, while obviously necessary for risk analysi
Near-term eruption forecasting (VOBP1; “VOBP1: near-term eruption forecasti
1. Minimal monitoring of all hazardous volcanoes is needed; prioritization
uncertainties
2. Eruptions are difficult to forecast with certainty; hence, probabilistic me
3. Forecasts are improved by sharing data and experiences, and by comp
compatibility and open-access
4. Forecasts are improved by research into magmatic processes at “labora
5. Roles for use of forecasts to mitigate risk should be clearly defined
6. Universities are natural partners for volcano observatories. Responsibility
Volcanic hazard communication (VOBP2; “VOBP2: communication of volcanic
1. Observatory leader(s) seek the best knowledge and consensus, ensure d
consensus facilitated by practice
2. Observatories convey hazard information in standardized formats, use p
3. Observatories communicate regularly with mitigation authorities, work
stakeholders at all phases of the emergency cycle
4. Sharing of data and expertise, exchanges between observatories, partic
capabilities
5. Education programs with civil-protection partners increases community
6. Roles and responsibilities for hazard and mitigation communication mureviewmaterials.pdf ), to ways to capitalize on re-
search opportunities and enhancement of monitoring
while not compromising safety. Members of VOBP3
selected the topic of volcano observatory crisis opera-
tions as the subject for VOBP4.
New technological developments for monitoring and
forecasting
A number of technological developments have emerged
over the past few decades that offer great promise to im-
prove volcano monitoring and forecasting. These include
major new developments in remote sensing, ranging
from the application of InSAR and GPS networks to
monitor and interpret volcanic deformation (Hooper
et al., 2004; Segall 2013; Lu and Dzurisin 2014; Biggs
et al. 2014), to advances in the monitoring and interpret-
ation of multiple volcanic gas species, to the use ofor details and context
azard assessments, 15-18 November 2016” section)
ns for assessment
m understanding
to meet user needs
sis
w probability); showing vulnerable infrastructure on hazard maps is also
s with decision makers; institutional responsibility determines roles of
l understanding
s, are also informed and prioritized by evaluations of vulnerability and risk
ng, 11 - 15 September 2011” section)
is based on threat ranking; multi-parameter monitoring reduces
thods with uncertainties are recommended
arative studies, which rely on databases; databases should strive for
tory volcanoes”
for communication of hazards lies with the observatory
hazards, 2 - 6 November 2013” section)
ocumentation of decisions, speak with a single/common voice. Rapid
robabilistic analyses and direct modes of communication
with communities to build trust and credibility and engage with
ipation in workshops and training programs enhance observatory
resilience
st be clearly defined
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technologies that contribute to forecasts” section), to
more exotic methods such as the use of muon imaging
(Tanaka et al. 2007). Advances in research drilling of
volcanic systems is now primed to offer “ground truth”
for magmatic models and new insights into the
brittle-ductile interface between host rocks and magma
– a zone that must play a major role in degree to which
the surface expression of volcanic deformation records
magmatic recharge (Lowenstern et al. 2016; Eichelberger
et al. 2016). New developments in numerical and prob-
abilistic modeling are also leading to improved forecast-
ing, examples include new models of lava flow advance
and machine-learning algorithms that automatically
process monitoring data to forecast lava fountains, and
improved ash dispersion and accumulation models that
utilize real-time weather forecasts, etc.
Some of these technologies have direct application in
volcano observatories; others will advance understanding
of volcanic systems and thereby contribute to the con-
ceptual and numerical models used in assessment of
hazards and in forecasting. We suggest that a future
VOBP workshop on new technologies and their potential
applications by volcano observatories is timely and
would be useful in the evaluation and sharing of these
new technologies and methods.
Conclusions
The three VOBP workshops to date on long-term hazard
assessment, near-term forecasting, and hazard communi-
cations have strengthened international relationships be-
tween volcano observatory scientists and improved
understanding of the variety of the operational contexts
(scientific, political and social) under which observatories
operate. Through VOBP presentations and discussions, a
series of recommended best-practices are made, which are
based on practices and suggestions of the majority of the
world’s volcano observatories. Common themes, among
these 22 recommendations (“Summary of VOBP3 best
practice recommendations”, “Best practice recommenda
tions – a guide to improved forecasting” and “Summary of
VOBP2 best practice recommendations” sections and
summary in Table 1) include a call for increased emphasis
on: i. probabilistic forecasting and appropriate treatment
and communication of uncertainties, ii. development and
use of global databases, iii. Prioritization of investments in
monitoring infrastructure based on levels of threat, and
enhanced multi-parameter monitoring to reduce uncer-
tainty in forecasting, iv. partnerships between observatories
and universities, v. more effective hazard communication
and a clear definition and distinction of roles and responsi-
bilities of observatories and mitigation authorities, vi. a
next-generation of hazard maps and assessments that ad-
dress the full range of potential eruptive activity, includemodel-based information (conceptual, statistical and nu-
merical) and are informed by evaluation of risk.
VOBP workshops are the only international meetings
focused exclusively on volcano observatory activities and
that bring together leaders of the world’s volcano observa-
tories. Future VOBP meetings will address additional crit-
ical topics selected by the assembled observatories, and
will result in additional best-practice recommendations.
We anticipate that the VOBP recommendations will guide
future priorities of the world’s volcano observatories and
will ultimately help reduce the impacts of volcanic erup-
tions globally when implemented worldwide.
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